Structural, Electrical and Magnetic Properties of CoFe2O4 and BaTiO3 Layered Nanostructures on Conductive Metal Oxides by Aguesse, Frederic & Aguesse, Frederic
1 
 
 
 
 
 
Structural, Electrical and Magnetic Properties of 
CoFe2O4 and BaTiO3 Layered Nanostructures on 
Conductive Metal Oxides 
 
 
Frédéric Aguesse 
 
 
 
 
 
 
Submitted for the fulfilment of the degree of Doctor of Philosophy 
(PhD), Imperial College London 
 
 
Department of Materials 
Imperial College London 
2011 
 
 
  
2 
 
Author’s declaration 
I, Frédéric Aguesse, declare that the work presented in this thesis is my own and any references to 
other works and contribution from other persons or groups are appropriately cited through the 
thesis.  
Some results contained in this thesis have been published or submitted to scientific peer reviewed 
journals: 
· M.Valant, A-K. Axelsson, F. Aguesse, N. M. Alford 
    Molecular auxetic behaviour of epitaxial Co-Ferrite spinel thin film 
Advanced Functional Materials, 20, 4, 644-647 (2010) 
· A-K Axelsson, F. Aguesse, L. Spillane, M. Valant, D. McComb, N. Alford 
  Quantitative strain analysis growth mode of pulsed laser deposition epitaxial CoFe2O4 thin films  
Acta Materialia, 59, 2, 514-520 (2010) 
· F. Aguesse, A-K. Axelsson, M. Valant, N. M. Alford 
Role of an ultra thin SrTiO3 barrier layer on the magnetic properties of CoFe2O4/BaTiO3 
multilayers nanostructures 
In preparation (2011) 
· F. Aguesse, A-K. Axelsson, R. Reinhard, J. L. M. Rupp, N. M. Alford 
Effect of the template-induced compressive strain on the electric conductivity of niobium doped 
SrTiO3 epitaxial thin films 
In preparation (2011) 
 
 
 
 
 
Aguesse Frédéric       November 2011 
  
3 
 
Abstract 
Multiferroic materials exhibit simultaneously, magnetic and electric order. In a magnetoelectric 
composite structure, a coupling is induced via an interfacial elastic interaction between 
magnetostrictive and piezoelectric materials enabling the control of the magnetisation by applying 
an electric field and vice versa. However, despite the potential of such coupling, experimental limits 
of theoretical models were observed. This work sheds some light on these limits by focusing the 
research on the chemistry of nanocomposite CoFe2O4 and BaTiO3, particularly at the interfaces 
where the coupling predominates. 
A comparison of the most common conductive oxides, Nb doped SrTiO3 and SrRuO3, was made for 
the bottom electrode application. The variation of conductive properties in Nb-SrTiO3 thin films at 
high temperature has been quantified when artificially strained and 60 nm SrRuO3 film was found to 
be the best bottom electrode choice for room temperature use. 
Epitaxial growth of magnetic CoFe2O4 was achieved on various metal oxide substrates despite large 
lattice mismatches. Crystallographic properties and strain evaluation were investigated and a 
Stranski-Krastanov growth mechanism, arising from the PLD deposition, was predominant. A notable 
drop of magnetisation was observed depending on the growth template, particularly on BaTiO3 
substrates, the piezoelectric counterpart of the magnetoelectric structures. However, an 
encouraging magnetoelectric coupling induced by thermal phase transition of BaTiO3 was revealed. 
For BaTiO3, a control of the growth direction was realised by varying the deposition pressure, and 
the existence of both 180° and 90° ferroelectric domains was observed for films up to 300 nm in 
thickness. However, both the ferroelectric and piezoelectric properties were reduced in the thin 
films due to the clamping effect of the substrate. 
Finally, highly crystalline multilayers of CoFe2O4 and BaTiO3 were prepared on SrRuO3 buffered 
SrTiO3 substrates. It was found that the degradation of both magnetic and ferroelectric properties 
was proportional to the increase in the number of interfaces. A thorough microscopic study revealed 
interdiffusion and chemical instability occurring between CoFe2O4 and BaTiO3 at the interface. This 
undesired effect was partially recovered by the insertion of an ultra thin layer of SrTiO3, acting as a 
barrier layer at every interface. This research shows how interfacial chemistry need to be 
understood to achieve high magnetoelectric coupling in these types of epitaxial engineered 
structures. 
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Introduction 
Recent progress in advanced synthesis, materials characterisation facilities and thin film deposition 
techniques has accelerated research into nanostructured metal oxides. Among the nanostructures 
possible to achieve are multiferroic and magnetoelectric materials. An intrinsic phase multiferroic is 
a single phase material that simultaneously possesses two or more of the so called ferroic order 
parameters: ferroelectricity, ferromagnetism and ferroelasticity. Magnetoelectrics typically refer to 
composite materials combining a magnetostrictive and piezoelectric phase and present a linear 
magnetoelectric effect which can be seen as an induction of magnetization by an electric field or by 
a change of polarization by a magnetic field. The latter will produce a magnetoelectric coupling, ME-
coupling, via elastic interaction at the interface. So far, the magnetoelectric composites have 
showed more promising results in terms of effect and working temperature than the single phase 
multiferroics. If an engineered nanostructure can be created by a “smart” epitaxial layered film 
growth, there is a potential that a type of artificial multiferroic material can be created where the 
advantages of strictive materials and polar and spin ordering can co-exist in one and the same 
material structure. 
Systems with a high and room temperature ME-coupling may offer potentially attractive future 
applications. This coupling can lead to new applications in sensors, actuators and memory devices. 
To be able to optimize the magnetoelectric coupling in a layered composite, it is crucial to 
understand the individual property of each material in a thin film and to control and optimise the 
interface between the two active materials.  
First, the two ferroic states of interest in this thesis: magnetism and ferroelectricity are described in 
order to understand the two working order parameters and how to optimise such films. The two 
chosen materials, CoFe2O4 and BaTiO3, are then presented in more detail. A review of existing 
multiferroics and magnetoelectrics will follow where the advantages of the CoFe2O4-BaTiO3 system 
will be put forward. In order to address the functionality measurements, a review on conductive 
metal oxides is also presented, as these materials can offer both an adequate growth template for 
the thin films and good conductivity for bottom electrode use. 
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I-1. Magnetic properties 
 
Magnetic materials are one of the essential elements of the layered structures studied in this work. 
Therefore a general description of magnetism in bulk materials compared with thin films is 
summarized and reviewed.  
 
I-1.1. Introduction to magnetism 
 
Magnetic materials can be classified in different categories: diamagnetism, paramagnetism, 
antiferromagnetism, ferrimagnetism and ferromagnetism. 
- Diamagnetism is present in every material. It is characterized by the deformation of the atomic 
orbitals in the opposite direction of an applied magnetic field. This effect, negligible in most 
cases, is not desired as it affects magnetic measurements. 
- Paramagnetism originates from atoms having partially filled d orbitals. Each magnetic moment, 
due to each unpaired electron in the orbital, is independent to each other and no paramagnetic 
interactions are present between neighbour atoms (Figure I- 1 a)). There is no magnetic 
ordering in such a system and the disorder increases on increasing the temperature due to the 
thermal agitation. 
- In the case of ferromagnetism, ferrimagnetism and antiferromagnetism, the magnetic moments 
are ordered due to a strong interaction between each magnetic moment with its neighbours. 
They tend to be aligned parallel to each other inducing a total magnetic moment in the 
material. When the energy of interaction of the moments (called exchange energy) becomes 
weaker than the thermal agitation, the material changes from a magnetic ordered state (ferro-, 
ferri- or antiferro-magnetic) to the paramagnetic disordered state (magnetic moments are 
randomly aligned). This particular behaviour corresponds to a critical temperature called the 
Curie temperature (TC) for ferromagnetic materials or the Néel temperature (TN) for ferri- and 
antiferro-magnetic materials.  
Depending on the atomic composition and the crystallographic structure, the magnetic 
moments of each atom can be aligned parallel or anti-parallel to each other. In a ferromagnetic 
material they are all in the parallel configuration inducing a strong magnetic moment (Figure I- 
1 b)). When the magnetic moments are aligned anti-parallel and they have the same intensity, 
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the material is called antiferromagnetic (Figure I- 1 c)); in that case, the resulting magnetic 
moment is equal to zero. If they do not have the same intensity, the total magnetic moment is 
different to zero and the material is ferrimagnetic (Figure I- 1 d)). 
 
(a) paramagnetic (b) ferromagnetic (c) antiferromagnetic (d) ferrimagnetic
Figure I- 1: Scheme representing paramagnetic disordering (a), ferromagnetic (b), antiferromagnetic 
(c) and ferrimagnetic (d) ordering. 
 
I-1.2. Magnetic hysteresis loop 
 
Magnetic moments (M) in a material can be aligned and reversed by applying a magnetic field (H). 
An hysteresis loop, representing M = f(H), can be drawn describing the magnetic response as a 
function of an applied magnetic field (Figure I- 2) when the material is in a non-paramagnetic state. 
 
(Happl)
 
Figure I- 2: Hysteresis loop of a magnetic material with its characteristic constants. 
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Three main characteristics of magnetic materials are pointed out in the hysteresis loop:  
- The saturated magnetic moment, MS, this corresponds to the total magnetic moment of the 
material when a high magnetic field is applied. 
- The remnant magnetic moment, MR, this corresponds to the magnetic moment of the material 
when the external field is zero. 
- The coercive field, HC, this corresponds to the value of the applied magnetic field needed to 
reverse the magnetization of the material. 
A dotted line visualised in the plot shows the development of the magnetic momentum for the first 
magnetisation of an unpoled sample. 
Depending on the type of magnetism presented in a material, different hysteresis loops can be 
observed. A strong ferromagnetic material will tend to have a high HC and a high MR and MS whereas 
a paramagnetic material will have a HC and MR equal to zero and there will be no hysteresis.  
The magnetic susceptibility (cm) can also be defined from an M-H measurement. For ferromagnetism 
it is a non-linear relation and can therefore be estimated from the slope of the loop and is defined 
as: 
        Eq. I. 1 
The magnetic susceptibility represents the ability of a material to align its magnetic moments under 
an applied magnetic field. A hard material which requires a high magnetic field to reach saturation 
will present a low magnetic susceptibility whereas an easy magnetic material, reaching the 
saturation at low magnetic field, will show a high magnetic susceptibility. 
For the magnetoelectric composite discussed in this thesis, high MS and MR obtained for a low HC 
would be advantageous as high magnetostriction will be obtained in minimizing the applied 
magnetic field.  
Magnetic materials are divided into regions, called domains, in which all magnetic moments are 
uniform. Domains are formed in order to minimize the total magnetic energy in the system. Inside a 
domain, magnetic orientation can change depending on external or internal forces such as an 
external magnetic field. The magnetic domains are separated by magnetic walls in which the 
magnetisation rotates coherently from one direction to another.  
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I-1.3. Origin of magnetism and magnetic interactions 
 
Origin of magnetism: exchange interaction 
Magnetism originates from an exchange interaction between two magnetic ions presenting partially 
filled d orbitals. This electron interaction of a Columbic nature can be direct or indirect.  
- It is referred to as direct when two orbitals of magnetic ions are overlapping. This is 
mostly found in metallic materials such as Fe or CoFe2 where the magnetic ions are close neighbours.  
- When the magnetic ions are separated by a diamagnetic ion such as oxygen, sulphur or a 
halogen ion, it is referred as an indirect interaction or superexchange interaction. It means that the 
magnetic ions are too far from each other to allow the wave functions of their d orbitals to interact 
directly. Therefore the exchange interaction will occur through the p orbital of the oxygen as 
illustrated in Figure I- 3. This type of interaction is particularly dominating in non-metallic 
compounds such as metal oxide materials and will be the type of exchange mostly discussed in this 
thesis. 
d dp
 
Figure I- 3: Superexchange interaction scheme between two magnetic ions M1 and M2 through the p 
orbital of an oxygen ion. For CoFe2O4, M1 and M2 can be Co
2+
 or Fe
3+
. 
 
A second type of indirect exchange interaction called double exchange interaction dominates in 
oxide structures presenting mixed metal valence. The presence of different valences of cations such 
as Fe3+ and Fe2+ in Fe3O4 creates an electronic transfer through the p orbitals of oxygen. During the 
transfer the spin of the electron stays constant indicating the ferromagnetic character of the double 
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exchange interaction. In CoFe2O4, the presence of a single valence for the iron and cobalt elements 
limits the importance of this type of interaction. 
These atomic interactions are also coupled to micro or macroscopic interactions such as external 
magnetic field, the shape of the material, its crystallographic structure resulting in an overall 
magnetic behaviour particular to each material. In thin films, these exchange interactions are 
strongly influenced by the strain of the film as it will affect the overlapping of the orbitals and can 
dedviate the angle M1-O-M2. Dislocations and ion vacancies also play a role. For metal oxide thin 
films and spinel materials such as CoFe2O4, these interactions are affected by annealing treatment at 
high temperature as it enables cation ordering. 
Intrinsic magnetic properties of a material: energy competition 
The observed magnetic behaviour in the material is governed by the competition of different 
energies. Extrinsic energies are originating from the external applied magnetic field and intrinsic 
energies are driven by the characteristics of the material itself. The latter energies are controlled by 
the composition, the shape and the crystallographic structure of the material. In crystalline metal 
oxide materials, competition between the magnetocrystalline and magnetoelastic energies will be 
predominant and an additional surface energy must be taken into consideration in thin films such as 
presented in this thesis. 
· Magnetocrystalline energy 
In a magnetic material, the preferred magnetization axis is called the easy axis. It corresponds to the 
axis reaching the magnetic saturation with the softest applied magnetic field. When the magnetic 
orientation is changed from an easy to hard axis, the free energy of the material varies. This 
variation of energy corresponds to the magnetocrystalline energy, the easy axis direction being the 
most energetically favourable orientation. On the other hand, the hard axis corresponds to the less 
favourable direction and a high magnetic field is necessary to reach the saturation. 
Using hysteresis loops, the soft and hard axis can be easily determined in comparing the shape and 
the characteristics of the loop. In fact, the applied magnetic field value needed to reach the 
saturation is high for the hard axis and low for the easy axis as the magnetic moments require more 
energy to be aligned along the hard axis than along the easy one. 
The magnetocrystalline energy cannot be explained by the superexchange interaction but from the 
local symmetry surrounding the magnetic ion. The network around the ions induces a spin-orbital 
coupling along favoured direction(s). Anisotropic constants (K1, K2, etc.) are characteristics of 
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magnetocrystalline material, they are related to the crystallographic structure and observed axis. 
The parameters are used as tools to calculate the magnetocrystalline energy. 
For example, in a cubic structure, the magnetocrystalline energy (EMC) is expressed: 
   
Eq. I. 2
where a1, a2, a3 are the cosinus of the magnetization axis with the lattice vectors and K1, K2 are the 
anisotropic constants, K1 being higher than K2 [1]. 
In this study, CoFe2O4 presents a high crystallographic anisotropy with an easy axis along the <100> 
direction of the lattice and a hard axis along the <111> direction. The growth orientation and 
heteroepitaxy of the thin films will be indispensable to control for homogeneous magnetic 
properties. 
· Magnetoelastic energy 
The magnetoelastic energy originates from the magnetostrictive properties of a material. It is the 
ability to deform the lattice structure when applying an external magnetic field and reciprocally. This 
behaviour comes from a strong coupling between the magnetic and mechanical properties of the 
material. As the magnetic interaction is related to the orbital overlapping, in magnetoelastic 
materials the application of a magnetic field influences the distance between two magnetic atoms 
which tends to minimize its energy and this has some consequences on the lattice parameters [2]. 
The value l characterizes the linear magnetostriction of a material which is the change of its length 
between the non magnetized and saturated states. This value is positive when the length increases 
(e.g.: the direction <111> of spinel CoFe2O4) and is negative when the length decreases (e.g.: the 
direction <100> of spinel CoFe2O4). This characteristic is reciprocal meaning that the magnetic 
moment can increase or decrease when a strain is applied to the material. This property has 
important consequences in nanostructures as a strain occurs when a thin film is deposited on a 
substrate presenting different lattice parameter. Therefore different growth templates could 
produce different magnetic moments on a magnetostrictive material such as CoFe2O4. 
The magnetoelastic energy (EME) depends on both the strain applied (s) and the linear 
magnetostrictive coefficient (l), plus the angle between the strain direction and the total magnetic 
moment (y) and presented in the following equation: 
       
Eq. I. 3 
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In conclusion, the magnetic behaviour in a material depends critically on its intrinsic properties but 
thin films and nanostructures bring a new dimension as all these properties can be modulated by 
introducing constraints from the growth template and novel interfacial effects not seen in bulk.  
· Surface energy 
This energy is another anisotropic contribution, particularly dominant in thin film structures where 
the atoms present at the surface of the material are not negligible compared with the number of 
atoms in the total volume. The crystallographic symmetry at the surface is broken and has therefore 
consequences on the magnetic atoms’ alignment and the associated overlapping orbitals. The 
surface energy (ES) is expressed by the following formula: 
        Eq. I. 4
where KS is the surface anisotropy constant, q the angle between the perpendicular vector to the 
film surface and the magnetization orientation. When KS > 0, the magnetization is more energetically 
stable in the plane of the film and when KS < 0, the magnetization is more stable perpendicular to 
the surface of the film. 
 
I-1.4. Magnetic cobalt ferrite  
 
In this project, the metal oxide cobalt ferrite (CoFe2O4) was investigated as the magnetic counterpart 
of the magnetoelectric system. CoFe2O4 has an inverse spinel structure with eight formula units per 
cell. The crystallographic structure corresponds to the Fd-3m space group, defined as a large cube of 
lattice parameter of 8.392 Å [3]. As described in Figure I- 4, the spinel structure can be divided into 
eight face centered cubes of oxygen. Each cube has eight tetrahedron and four octahedron sites, 
which can be occupied by the metallic cations. Therefore a total of 64 tetrahedral and 32 octahedral 
sites are available for the entire structure. They can be occupied by eight Co2+ and the sixteen Fe3+, 
corresponding to the eight formula units. When cobalt ferrite is fully inversed, cobalt cations will 
occupy only octahedral sites and iron cations will be equally spread between tetrahedral and 
octahedral sites. Therefore, the material has an open structure with non-occupied octahedral and 
tetrahedral sites which would facilitate atom migrations. 
The full formula unit of cobalt ferrite is described as follows: 
 (Fe3+)A(Co
2+,Fe3+)BO4  where A are tetrahedral sites and B are octahedral sites 
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Figure I- 4: Structure of spinel CoFe2O4 with the clarification of the tetrahedral and octahedral sites. 
The atoms represent the oxygen position forming a face centered cubic, part of one of the eight 
formula units per cell. The arrows highlight the opposite direction of the magnetic spin momentum of 
the cations Fe
3+
 and Co
2+
. 
 
CoFe2O4 is a material widely studied in magnetoelectrics for its good magnetostrictive properties. Its 
magnetic properties originate from the magnetic coupling by exchange interaction between Co2+ and 
Fe3+ ions through the oxygen atoms. Antiferromagnetic couplings are observed between tetrahedral 
and octahedral sites occupied by Fe3+ and Co2+/Fe3+ respectively, and between tetrahedral sites, 
whereas a ferromagnetic coupling is present between metallic cations of the octahedron sites [4]. 
Therefore, the total magnetic interactions between the cations in CoFe2O4 give an overall hard 
ferrimagnetic property. 
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In bulk, a saturated magnetic moment of 80 emu.g-1 [5] and a high coercive magnetic field were 
determined. CoFe2O4 exhibits a high Néel temperature of 860 K very attractive for room 
temperature applications [6].  
CoFe2O4 has been chosen in this thesis as it presents one of the highest magnetostrictive coefficients 
amongst metal oxide materials. This is of a great interest for this project as the elastic interaction 
plays a key role in magnetoelectric composites via the interface. The magnetostrictive constants of 
CoFe2O4 are l<100> = -250 x 10
-6 and l
<111> = +120 x 10
-6 [7], which means that when a field is applied 
to the material, it shrinks in the <100> direction and stretches in the <111> direction when a 
magnetic field is applied in the <100> direction. 
In conclusion, CoFe2O4 presents a ferrimagnetic spinel structure with a high magnetostrictive 
coefficient. It is therefore a very good candidate in this thesis as the magnetoelectric coupling will be 
achieved via an elastic interaction between two strictive materials. 
 
 
I-2. Ferroelectrics 
 
A ferroelectric / piezoelectric material is the other counterpart of the magnetoelectric composite 
studied in this project.   
 
I-2.1. Introduction 
 
Ferroelectric materials possess a spontaneous electric polarization created from the non-
centrosymmetry of the charges, the barycentre of the positive charges in the lattice are non-
coincident with the negative charges making clear the apparition of diple. This spontaneous electric 
polarisation can be reversed by the application of an external electric field. This property is often 
used in analogy to ferromagnetism, as it also exhibits a permanent magnetic moment. Ferroelectric 
materials can be divided into different groups each presenting different microscopically driven 
mechanisms. However all ferroelectrics belong to a larger group of materials called the piezoelectric 
materials, characterised by the piezoelectric effect. This effect enables the creation of a polarization 
by applying an external mechanical compressive or tensile stress. This effect is reciprocal and the 
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crystal shape can be changed by applying an electric field. This effect is relevant in this thesis as the 
other counterpart, previously described, is a magnetostrictive material and magnetoelectric coupling 
can be created. 
Among oxide materials (Pb,Zr)TiO3 (PZT) is considered to be the best piezoelectric and has been 
widely investigated. But because of the concern on the use of lead-containing materials, a lead free 
piezoelectric such as BaTiO3 was considered.  
 
I-2.2. Ferroelectricity and polarisation 
 
In dielectric materials an internal polarization is enhanced by applying an electric field. Some 
materials may still possess this polarization when the electric field is nil: this is referred to as the 
spontaneous polarization. When a material presents more than one spontaneous polarization state 
(different orientations), it is called a ferroelectric material. In this situation the spontaneous 
polarization vector can be reversed and oriented by applying an electric field to the material.  
The spontaneous polarization originates from the shift of cation and anion from their symmetric 
positions in the lattice. A slight change in position influences the polarity of the lattice which can be 
reversed by applying an opposite electric field. These properties can only be found in specific crystal 
symmetries as the barycentre of opposite charges should not coincide and spontaneous polarization 
must be present. These restrictions correspond to non centro-symmetric crystal lattice presenting a 
polar axis. Only 10 crystallographic point groups among the 32 existing fulfil these conditions. An 
electric dipole can then be created and maintained when the electric field is removed.  
 
Polarization mechanisms  
The polar state can be created by a structural instability mainly due to the displacement of an atom 
to a more thermodynamically stable position. This shift breaks the symmetry of the structure and 
creates a polar state. In the perovskite crystal structure ABO3, the small B cation localised in an 
oxygen octahedron may create a covalent bond with one of the surrounding oxygen ions. The bond 
will induce a displacement of the cation in the B-site creating a polarization. This mechanism is 
observed in BaTiO3 material, studied in this thesis. To be possible, the small B cation has to present 
an empty d orbital. This electronic constraint limits the number of materials [8]. It can be noticed in 
the case of BaTiO3 that Ti
4+ fulfils the requirement.  
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Other types of mechanism can enhance the spontaneous polarization. For instance in BiFeO3, a 
polarization is created with the displacement of the A cation due to the hybridization of the 6s lone 
pair level with the p orbitals of oxygen. Lattice distortion may also create a polarization vector as it 
has been reported for hexagonal manganites [9]. 
Ginzburg-Landau theory 
The existence or not of polarization states is driven by a competition between internal electric and 
elastic-restoring forces in the lattice structure. The first one favours the polar state whereas the 
second one stabilizes the symmetric configuration. At a point above a defined temperature, called 
the Curie temperature, the elastic forces are stronger than the electric forces and overcome the 
displacement of the charges. Above this temperature, the material presents no polarization and is 
paraelectric. The ferroelectric equation of state across these temperatures of ferroelectric change 
can be derived from the Gibbs free energy density G, when the thermodynamic variables are stress, 
electric field, and temperature. The free energy density may then be expressed by a Ginzberg-
Landau expansion in the electrical polarization: 
    Eq. I. 5 
where the variable a=a0(T-T0), T is the temperature, E is the applied electric field, P the polarization 
and F0 is the free energy of the paraelectric state at zero electric field 
This expression presents two particular cases. If b < 0, the ferroelectric transition is a first order 
transition and if b > 0, it is a second order transition. The two different orders are schematically 
described in Figure I- 5.  
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Figure I- 5: (a) Plot of the free energy against the atomic position of a ferroelectric material according 
to the Ginzburg-Landau theory. The first and second order ferroelectric phase transitions are 
described. (b) Polar switching state observed in a B-site displaced perovskite structure in a electric 
field. 
 
A clear difference can be observed between the two transitions as the first order presents three 
atomic positions at T = TC (corresponding to the Curie temperature) whereas at the same 
temperature the second order transition presents only one position. In the second order two energy 
potential wells are seen at T < TC which is when the material is in the ferroelectric state. BaTiO3, 
studied in this thesis, belongs to the 1st order phase transition group.  
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P-E hysteresis loop 
Ferroelectric materials present a characteristic hysteresis loop which is similar to the magnetic 
materials when measuring the polarization as a function of the electric field. At temperatures above 
the Curie point, the material is in a paraelectric state. It is characteristic by a single line (no loop 
shape) crossing the origin. Below the Curie temperature, the loop shape represents a hysteresis as 
observed in Figure I- 6. 
 
 
Figure I- 6: P-E hysteresis loop of a ferroelectric material. 
  
Three main characteristic of the P-E hysteresis loop are pointed out: 
- PS, the saturated polarization, represents the maximum polarization value and is observed at 
high electric field. 
- PR, the remnant polarization, representing the polarization value of the material when the 
applied electric field is removed. 
- EC, coercive electric field, representing the electric field necessary to reverse the polarization 
from one state to another. 
 
Ferroelectric materials are divided in different oriented polar domains to minimize the internal 
electrostatic energy. At the saturation, all domains are oriented in the same direction. By switching 
Applied field (Eappl) 
Polarization (P) 
EC 
PR 
PS 
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the electric field, nucleation sites with opposed polar vectors are created and grow under the 
applied electric field. The domain growth occurs by domain wall motion until reversing the 
polarization. Unlike magnetic domains, ferroelectric domains are small (from 1 to several tens of 
nanometers) and the domain walls are sharp. In the BaTiO3 tetragonal structure, polarization 
domains are usually developed anti-parallel at 180° angles as seen in Figure I- 7 a), but in single 
crystal and in particular near the surface a coexistence of a mixture of  90° and 180° domains are 
common [10] where the 90° domain rotation would relate to a  polarization vector in plane and a 
polarization vector normal to the surface as seen in Figure I- 7 b). 
(a) (b)
 
Figure I- 7: Scheme of the ferroelectric domains walls in the 180° (a) and 90° arrangements for a 
BaTiO3 single crystal oriented (001). 
 
I-2.3. Piezoelectricity 
 
In addition to the spontaneous polarization, ferroelectric materials exhibit a piezoelectric effect. This 
corresponds to a linear interaction between the mechanical and electrical state of the material. The 
direct piezoelectric effect generates an internal displacement of electric charges resulting from 
external mechanical forces. The direct piezoelectric effect can be expressed in a relation between 
the dielectric displacement (Di) and the stress (Tj): 
         Eq. I. 6
The piezoelectric effect is reversible and the converse piezoelectric effect indicates a mechanical 
deformation of the material by applying an electric field. Similar to the direct effect, the converse 
piezoelectric effect can be expressed in terms of strain (Si) and electric field (Ej): 
          Eq. I. 7
where dij and dji is the electrostrictive and the piezoelectric coefficient, respectively. 
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The piezoelectric coefficient is of key importance for this thesis as we desire electrostriction when 
applying an electric field. The subscripts i and j indicate the direction of stress measurement and the 
direction of the electric field applied, respectively. Therefore the same materials present different 
coefficients depending on the crystallographic axis observed and the direction of the electric field. 
The piezoelectric coefficients d33 and d31 corresponding to the longitudinal and the transversal 
electrostrictive coefficient are shown in Figure I- 8.   
d33 d31
 
Figure I- 8: Scheme presenting the longitudinal and transversal piezoelectric coefficients for a crystal 
when applying an electric field. 
 
In order to observe a high ME coupling, the strictive properties of both counterparts need to be high. 
In this thesis we used BaTiO3 as the piezoelectric counterpart because it presents a piezoelectric 
effect amongst the highest for lead free oxide materials. Furthermore, BaTiO3 possesses 
crystallographic properties suitable for thin film deposition with oxide materials such as SrTiO3, 
CoFe2O4. 
 
I-2.4. Ferroelectric barium titanate 
 
BaTiO3 has been widely studied for its ferroelectric and piezoelectric properties. It can be described 
as an ABO3 perovskite structure where the B cation (Ti
4+, r = 60.5 pm [11], C.N. = 6) is smaller than 
the A cation (Ba2+, r = 161 pm [11], C.N. = 12). The perovskite structure displayed in a 3-dimensional 
view is presented in Figure I- 9 where the B site Ti4+ cations are located in the centre the octahedral 
oxygen case and the A-site Ba2+ sits in the centre of the unit cell. Consequently, the ion on the B-site 
is bonded to 6 oxygen ions and the ion A is surrounded by 12 oxygen ions. Unlike the spinel CoFe2O4 
open structure, BaTiO3 forms a close compact structure in which few interstitial sites are available.  
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Figure I- 9: 3D configuration of BaTiO3 unit cell (in red, blue and yellow are the oxygen, titanium and 
barium atoms, respectively). 
 
The ferroelectricity in BaTiO3 originates from the ionic interaction between Ti
4+ cations and O2- 
anions. The hybridization interaction between the 3d and 2p states of titanium and oxygen creating 
a covalent bond are important to maintain the asymmetric structure, necessary for ferroelectricity 
[12].  
BaTiO3 undergoes a phase transition from the paraelectric cubic to the ferroelectric tetragonal phase 
at 120°C. As it has been explained in the previous section, the ferroelectricity is due to the 
displacement of the Ti4+ ion creating a dipole in the lattice. The tetragonal phase is often 
characterised by a c/a ratio resulting from the elongation of the unit cell. When cooling down from 
the tetragonal phase, another phase transition occurs at 5°C towards an octahedral structure as it is 
described in Figure I- 10. Further down in temperature, at -80°C, BaTiO3 changes to a rhombohedral 
symmetry (not shown). 
 
Figure I- 10: Crystallographic phase transitions upon cooling and variation of the spontaneous 
polarization axis of BaTiO3 depending on the crystallographic structures (adapted from ref [13]). 
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In the tetragonal structure, the B site displacement creates a polarization vector which is 
spontaneously directed towards the <001> direction of the crystal lattice. In the orthorhombic 
structure, the polarisation vector changes to the <110> direction and finally to the <111> direction in 
the rhombohedral structure. These polarization vectors are highly important as both the 
ferroelectric properties and characteristics will change accordingly [14]. The variation of the 
spontaneous polarization, characteristic value of a ferroelectric material, is displayed in Figure I- 11 
with the different crystallographic phase transitions [14]. 
 
Figure I- 11: Change of spontaneous polarization over temperature (K) of BaTiO3. Adapted from ref 
[14]. 
 
At room temperature, tetragonal phase BaTiO3 displays anisotropic piezoelectricity with the 
spontaneous polarization towards <001> axis, this is of interest for the highly oriented thin films 
studied in this project. Several authors have demonstrated that in the [001]-poled single domain 
BaTiO3, the d31 and d33 are -5 pm.V
-1 and +85 pm.V-1, respectively [15, 16]. This means that a film 
with preferential orientation in <001> direction will shrink in the plane of the film and expand along 
the out-of-plane direction if an electric field is applied perpendicular to the films. However when a 
crystal is poled along the <111> direction, the d31 and d33 have been reported to be even higher with 
-62 pm.V-1 and +203 pm.V-1, respectively [16]. This shows the importance of understanding 
anisotropy of BaTiO3 and the poling direction.   
Finally, the ferroelectric counterpart should display an insulating behaviour in order to minimize the 
leakage current during the electrical measurement. For bulk ceramics, resistivity higher than 
1012 W.cm has been reported [17] but variation might be expected for thin films. 
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In conclusion, the choice of using BaTiO3 as the ferroelectric counterpart shows promise as a high in 
plane displacement could be achievable, low conductivity and good piezoelectric response when an 
external strain is applied making it a suitable candidate. 
 
 
I-3. Multiferroics and magnetoelectrics 
 
Multiferroics are materials presenting at least two ferroic orders among the magnetic, electric and 
elastic orders [18]. The coupling interaction between these two orders can create the following 
degrees of freedom in the material referred to as the magnetoelectric properties: 
- reverse the magnetic moment by applying an external electric field 
- reverse the spontaneous polarization by applying an external magnetic field 
 
This thesis is focused on materials presenting both magnetic and ferroic orders and a 
magnetoelectric coupling which in an epitaxial heterogeneous structure can also be described as 
magnetoelectric multiferroics [19]. In a composite material the presence of a third order, called the 
elastic order, plays an important role as it is the link between the magnetic and electric orders. The 
study of these materials has shown a growing interest since the late 1970’s as their properties can 
find promising applications in nanotechnology devices such as multi-state memories, new memory 
readers and magnetic field sensors [20, 21]. 
Multiferroic materials can be divided in two main groups: single phase and composite materials. 
 
I-3.1. Single phase and composite magnetoelectrics 
 
Single phase multiferroic materials 
Single phase multiferroic materials possess simultaneously ferroelectric and magnetic orders. These 
materials show some limitations as two contradicting conditions on the electronic state of the d 
orbitals are required for the metal atoms. Ferromagnetism requires half filled d orbitals, whereas 
ferroelectricity requires empty d orbitals on B site [22, 23]. These requirements restrict the number 
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of multiferroic single phase materials [8, 24]. Nevertheless, some multiferroic materials present 
interesting properties and have attracted much attention. 
An important number of investigations have been focused on perovskite crystals ABO3 such as 
BiFeO3 [25], BiMnO3 [26], hexagonal manganite (YMnO3 [27]), distorted orthorhombic perovskite 
TbMnO3 [28], or structure having non centro-symmetric charges LuFe2O4 [29]. But despite the 
benefit of being single phase, these materials, mostly ferri or antiferro-magnetic, often present a low 
Néel temperature below 200 K. Few of them reach a Néel temperature above room temperature 
such as BiFeO3 with TN = 670 K [30]. Unfortunately their remnant magnetization remains very low for 
potential applications. However non-oxide materials have also been investigated as magnetoelectric 
single phase such as BaMnF4 and Co doped BaMnF4 [31, 32] but without reaching promising 
properties. In the last few decades and with the development of nanostructures new multiferroic 
materials such as GaFeO3 were developed with the observation that nanostructuring enhances its 
properties [33].   
The electron and crystallographic restrictions imposed on a single phase multiferroic material affect 
the final properties as illustrated in Figure I- 12 [34]. It is clear that in a composite magnetoelectric, 
better suited ferroelectric and magnetic material can be combined enhancing the final properties in 
addition that they can be formulated to have optimal coupling at room temperature.  
Single Phase 
multiferroic
Composite 
multiferroic
 
Figure I- 12: Diagram displaying the current state of the art order of magnitude of the polarization 
and magnetisation of a single phase multiferroic and composite magnetoelectric materials. Adapted 
from ref [34]. 
Chapter I: Introduction 
__________________________________________________________________________________ 
42 
 
Magnetoelectric composites 
In magnetoelectrics, the combination of a magnetostrictive and piezoelectric material enables the 
possibility of higher magnetoelectric (ME) coupling via the elastic order. The ME effect consists of a 
change of the polarization direction (P) by applying a magnetic field (H): MEH, or of the change of the 
magnetic moment direction (M) by applying an electric field (E): MEE. They can be expressed as: 
        
Eq. I. 8
        
Eq. I. 9
where ame and aem are the ME coupling coefficients with the unit V.cm
-1.Oe-1 and Oe.cm-1.V-1, 
respectively. 
The ME coupling occurs through the elastic interaction between the two materials. By applying an 
electric field (E), the piezoelectric material will create a direct polarization and therefore a 
mechanical strain will be generated in the lattice. As the piezoelectric and magnetic phases are 
linked by a sharp interface, a change of strain will occur in the magnetic phase and, as a 
consequence of the magnetostrictive properties, the magnetic moment (M) will change. This process 
can be summarised by the following equation [35]: 
     
Eq. I. 10 
This coupling can be described in the same manner when a polarization is created by an applied 
magnetic field. 
     
Eq. I. 11 
 
As a consequence, the overall ME property of the composite is based heavily on the interface quality 
between the two couterparts. In order to achieve good coupling, the composites should present a 
good flexibility of design which can be improved to reach large ME responses. Different composites 
have been developed in bulk such as multilayers, core and shell structures [36]. As the elastic 
properties play an important role in the ME coupling, the materials are selected on their 
magnetostrictive and piezoelectric properties. Materials such as Ni ferrite, Co ferrite, Li ferrite, 
(La,M)MnO3 (M=Ca,Sr), Terfenol-D for magnetic counterpart and PZT, BaTiO3, PbTiO3, KNbO3 for 
piezoelectric counterpart have been commonly studied. Different combinations of these materials 
enable a wide range of magnetoelectrics that work at room temperature. Among the most studied 
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composite, the materials Terfenol-D and PZT present so far the best magnetostrictive and 
piezoelectric properties. Ryu et al. developed these materials combination in a laminated structure 
and reported a ME coupling as high as 4.8 V.cm-1.Oe-1 under a d.c. magnetic field bias of 4000 Oe 
[37]. However in using piezoelectric BaTiO3 in similar structures, a ME coupling 100 times lower was 
obtained [38].  
In the last few decades, these materials have also been investigated at the nanoscale as the 
development of thin film technology enables a good control of the deposition and the development 
of novel architectures important for creating new phenomena in magnetoelectric materials. Three 
main types of film architectures have been developed. Magnetic pillars embedded in a piezoelectric 
matrix (1-3) and bilayer structure (2-2), which are the most frequent structures, whereas the 
dispersion of magnetic nanoparticles into a piezoelectric matrix (0-3) still remains problematic due 
to difficult control of the particles’ distribution. Recently, a new structure corresponding to pillars of 
multilayers (0-0) have been developed by X. Lu et al. [39], combining the advantage of control of the 
architecture in nanopillars and stacking of layers decreasing the clamping effect. 
 
I-3.2. Magnetoelectric composite CoFe2O4-BaTiO3 
 
Because of their individual promising properties CoFe2O4 and BaTiO3 are the materials of choice in 
this project.  
Bulk CoFe2O4-BaTiO3 
J. V. Boomgaard et al. were pioneers in the study of CoFe2O4-BaTiO3 composite in 1978 by cooling 
down the eutectic liquid material and growing it as a single crystal [40]. The lamellar structure of the 
material produced a magnetoelectric coefficient of 130 mV.cm-1.Oe-1, whereas theoretical work on a 
similar structure predicts a coupling of almost 500 mV.cm-1.Oe-1 [41]. Later, the composite material 
was prepared by synthesis routes such as solid state ceramic and wet chemistry routes allowing a 
better flexibility on the control of the stoichiometry composition. Particulates composite prepared 
by the sol gel method [42] showed ME coupling of 2450 mV.cm-1.Oe-1. This value is closer to the ME 
coupling coefficient obtained for systems using the magnetostrictive Terfenol-D.  
The chemical stability of the two compounds has been put into consideration when secondary 
phases such as BaFe12O19 and BaCo6Ti6O19 were reported during a high temperature preparation [40, 
43]. Furthermore, a reduction of the tetragonality of BaTiO3 has recently been observed and 
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described as originating from the interfacial stress imposed by CoFe2O4 and of possible Ba vacancies 
[44]. 
 
Nanostructured CoFe2O4-BaTiO3 
For nanoscale device purposes, various nanostructures of the CoFe2O4 and BaTiO3 composite have 
also been studied. 
CoFe2O4-BaTiO3 gained in popularity when first nanopillar composites were grown by PLD in 
Ramesh’s group in 2004 [45, 46]. These nanopillars were successfully grown on perovskite substrates 
such as SrTiO3 (001) [45, 46] and (La0.5Sr0.5)CoO3 coated Si (001)
 [47], whereas the same material 
deposited on Si(001)/Pt substrate grows with CoFe2O4 nanogranular structures dispersed in BaTiO3 
matrix [48, 49]. H. Zheng et al. also demonstrated that a good kinetic control of this promising type 
of epitaxial pillar growth can be obtained by adjusting the deposition parameters [45]. 
 
Despite these encouraging first results of the growth control of CoFe2O4-BaTiO3 in nanostructures, a 
significant drop of magnetisation [49, 50] was observed in addition to high leakage current and 
therefore weak ferroelectric properties [46, 47]. However the good magnetic anisotropy and 
piezoelectric properties observed were encouraging for obtaining high ME coupling. But despite the 
promising architecture, the highest ME coupling so far reported is 38 mV.Oe-1.cm-1 for BaTiO3 film on 
a polycrystalline CoFe2O4 surface [51]. This is lower than observed for CoFe2O4/PZT multilayers with 
a coupling of 100 mV.Oe-1.cm-1 [52] but still higher than the multilayers of BiFeO3/CoFe2O4 with a ME 
coupling of 20 mV.Oe-1.cm-1 [53]. On the other hand, R.V. Chopdekar et al. [54] observed a variation 
of the magnetic properties of CoFe2O4 thin film deposited on BaTiO3 substrate across BaTiO3 phase 
changes, which was recently confirmed in nanocomposite films [55]. But despite the resulting 
indisputable interfacial coupling effect, these measurements do not show a ME coupling when 
applying an electric field. 
CoFe2O4-BaTiO3 systems have also been reported when deposited by LMBE [56], sol-gel method [55] 
or microwave-assisted non-aqueous sol-gel deposited thin film [57] but so far, no ME coupling has 
yet  been reported.  
Despite several promising works and indication of the potential of this type of magnetoelectrics, 
deeper fundamental understandings of the obvious limitations are sparse. A better focus on the 
influence of the growth conditions, post annealing treatment or microstructural defects is necessary 
to improve both the magnetic and electric responses. Also the influence of the long range order of 
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dipoles and spins cannot be neglected, as described earlier, and can benefit from being studied by 
varying the film thickness for example. Furthermore the effect of the interface between spinel-
perovskite materials is essential for high ME coupling as for this type of magneto-electrics it is all 
about elastic interactions via an interface and either by pillars or multilayered structures, more and 
more interfaces will be present. A layered thin film structure would be a good starting point to 
observe and determine the physics and chemistry occurring at these interfaces. 
 
I-3.3. Applications of multiferroic and magnetoelectric materials 
 
Multiferroic and magnetoelectric materials can play an important role in the electronic industry 
when developing a large magnetoelectric coupling. Potential technological applications have been 
suggested including magnetic field sensors, memory devices, transducers. A brief presentation of 
magnetic field sensors and memory devices which seem relevant to this research are described 
below. 
Magnetic field sensors 
By utilizing the ME coupling, it could be possible to sense magnetic fields. This type of sensor would 
consist of a direct measurement where the detected magnetic field will induce, via the strain effect, 
a charge displacement and further an instantaneous polarization in the ferro- or piezo-electric 
material. Materials presenting large ME coupling are necessary to achieve this result and nowadays 
they are only limited to a few bulk composite materials as described earlier. This magnetic field 
sensor has been suggested to probe very small a.c. magnetic fields of amplitude as small as 10-11 
Tesla [58]. In this particular magnetic sensor study Telfenol-D / Pb(Mg0.3Nb0.7)O3/PbTiO3 laminated 
crystals  were used, proving a ultrahigh sensitivity to the field variation [35].  
Memory devices 
Memory devices have been suggested and realised by M. Bibes et al. in using the magnetoelectric 
coupling [59]. This device, presented in Figure I- 13, would consist of writing the information in the 
sandwiched magnetic layer by applying an electric field (± V). This is possible with a strong ME 
coupling between the piezoelectric and magnetic layer. The binary information will then be read by 
the resistance R between the top hard and bottom switchable magnetic layers. This device would 
allow higher flexibility with a better control of the writing. 
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Figure I- 13: Scheme of a magnetoelectric memory device in the two binary states [59]. 
 
These applications are of interest in this thesis as the detection of a large ME coupling in 
nanostructures would be a major breakthrough in this field and would enable to open horizons for 
electronic and device applications. 
 
I-4. Conducting oxides 
 
The best configuration to realise electric measurements in these magnetoelectric layers would be 
across the layers as a capacitor bridge structure, rather than in-plane measurements. Therefore top 
and bottom electrodes are necessary to design accordingly. The top electrode can generally be a 
good metal conductor such as Pt, Ti or Au, sputtered on the surface in a defined area. The bottom 
electrode requires more attention because the magnetoelectric layers will be deposited on top of it 
and will provide a new template growth. In that case the electrode chosen should match 
crystallographically by the lattice parameters and should be chemically compatible with both the 
CoFe2O4 and BaTiO3 in order to preserve the epitaxial growth.  
Perovskite materials are rarely natural conductors, but some of them can be doped to change their 
electrical properties, which is the case with SrTiO3. Therefore a study of existing conductive oxides 
and investigation of their properties as thin film was carried out. 
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I-4.1. Naturally conducting perovskite 
 
Only a few oxide materials possess conductive properties at room temperature when undoped and 
in their correct oxygen stoichiometry. In the early 1970’s the conductivity of materials such as IrO2, 
RuO2 were reported with order of magnitude of mW.m [60]. But more research was developed for 
perovskite-like structures such as SrRuO3 and CaRuO3, which also revealed high conductive 
properties. In this project SrRuO3 was selected as it possesses a better match with the materials 
studied.  
At high temperature SrRuO3 has a cubic structure which is fully transformed into a tetragonal 
symmetry at 670°C and finally the orthorhombic structure is formed at 550°C. The orthorhombic 
symmetry is often simplified to a distorted perovskite with ruthenium and strontium present inside 
the octahedron and clusters formed by oxygen atoms, respectively, just like in ABO3 perovskite 
structure presented previously. In this perovskite, the angle Ru-O-Ru is equal to 163° at room 
temperature [61]. This angle is associated with a distortion of the octahedron which zig-zags across 
the lattice as shown in Figure I- 14. The octahedral tilting increases when decreasing the 
temperature. 
 
Figure I- 14: Three dimensional representation of the distribution of the orthorhombic tilting 
occurring in SrRuO3, obtained from neutron diffraction studies at 1.5 K [61].  
 
This peculiar symmetry of SrRuO3 shows conductive properties down to very low temperature, and a 
magnetic phase transition is also observed at around 160 K. 
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SrRuO3 is interesting for this project as it possesses a good conductivity at room temperature which 
is an important goal. High conductivity values were reported for this material with conductivity as 
high as 1.4 x 10+5 S.m-1 (4.7 K) and 4.1 x 10+4 S.m-1 (300 K) [62]. The conductive behaviour with 
temperature originates from a delocalization of the electrons originating from the octahedral tilting 
as described above and illustrated in Figure I-14. The delocalisation favours the electron orbital 
overlapping between the t2g and p orbitals of ruthenium and oxygen atoms resulting in a level 
splitting. Conduction can then happen in the partially occupied high energy band.  
This material has also successfully been reported to be used as conductive electrode for similar 
studies on CoFe2O4-BaTiO3 systems [45, 46, 63]. However despite its good performance, the cost of 
SrRuO3 makes it a less attractive choice than Nb doped SrTiO3 presented in the following section. 
 
I-4.2. Doped perovskite 
 
Some perovskite materials have also shown promising electrical conductivity when doped. Among 
them SrTiO3 possesses a suitable crystallographic structure and conductive properties. When 
annealed in a reducing H2/N2 atmosphere, the structure can stabilize in a non-stoichiometric phase: 
oxygen deficient SrTiO3-d. The number of oxygen vacancies can be controlled by the temperature and 
the reduced partial pressure during the synthesis [64-66]. The number of charge carriers and 
therefore the conductivity is directly linked to the number of oxygen vacancies as each oxygen 
vacancy generates two free electrons. But this option is not the most suitable for this project as 
another oxide layer will be deposited on top of the conductive electrode and ion diffusion may occur 
across the interface driven by vacancies which will deteriorate the functional properties.  
Beyond oxygen driven conductivity by reducing the SrTiO3, extrinsic cationic doping on A- or B-sites 
can also be used to improve the conductivity. Typical n-type doping is achieved by cationic dopants 
such as Nb5+ substituting Ti4+ [67-70] or La3+ substituting Sr2+ [67, 71-73], whereas p-type doping can 
be obtained by substitution of the B-sites by trivalent cations such as In3+ [70], Al3+ [74], Fe3+ [73, 75]. 
The doping concentration level usually indicates the number of carriers present in the structure, but 
in some situations it has been observed that donors are inactive in the lattice and do not participate 
in the conduction mechanism. This is referred to as the freeze-out phenomenon [68, 76, 77]. Good 
conductive properties have also been obtained by p-type extrinsic doping. For example the 
substitution of Sr2+ by Y3+ reveals conductivity as high as 10+5 S.m-1 at 7 mol% doped [78]. But Y 
doped SrTiO3 is only a good conductor at high temperature (generally above 500°C) which makes it 
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suitable for fuel cell applications [78] but not for applications below 120°C as required here. Among 
n-type doping in SrTiO3 lattice, niobium doping is the most encouraging material presenting 
conductivity as high as 3.53 x 10+4 S.m-1 for a 4 mol% Nb doped SrTiO3 single crystal (carrier 
concentration measured = 3.3 x 1020 cm-3) [71]. The conductivity value reduces to 9.5 x 10+3 S.m-1 
when reducing the doping level to 2 mol% (carrier concentration measured 1.1 x 1020 cm-3) [71]. 
Investigation of this material at the nanoscale has also been realised. 
 
Niobium doped SrTiO3 thin films 
Epitaxial growth of thin films has been obtained by pulsed laser deposition (PLD), molecular beam 
epitaxy (MBE) with various dopant levels and on different substrate templates, mainly perovskites.  
Different studies have been performed to understand the conductivity of this promising conductive 
oxide, mainly because it is more economical to use than the common SrRuO3. The crystallographic 
properties such as the out-of-plane lattice parameter was shown to increase when increasing the 
deposition pressure [79] and niobium content [67]. This artificial lattice distortion affects the Ti 
orbitals overlapping and the conductivity. T. Tomio et al. [80] deposited SrTi1-xNbxO3 on LaAlO3 and 
SrTiO3 substrates at different niobium doping levels and observed an increase of the conductivity. 
But above 5 mol% of niobium, the material tends to stabilize into Nb2O5 [81] which is an unwanted 
phase bringing both disorder and heterogeneity in the film.  
Below 5 mol%, the niobium doped SrTiO3 thin films display semiconducting behaviour. Despite 
studies focused on the growth mechanism and the conductivity of films prepared on SrTiO3 and 
LaAlO3, no thorough comparison of the substrates influence has been performed. However, some 
work has attempted to link the film strain with the conductive properties for films prepared on 
LaAlO3, MgAl2O4 and YSZ substrates [82] showing that the resistivity decreases for strained films. 
This increase in conductivity was described by an increase of overlapping orbitals. 
The electric conductivity can spread over four orders of magnitude for doping levels ranging up to 
10 mol%, showing the difficulty in preparing conductive Nb doped thin films. In addition, it is 
reported for the case of thin films that the conductivity has a strong thickness dependence varying 
from less than 1 S.m-1 for films below 40 nm to more than 10+4 S.m-1 for 300 nm film [82]. The 
interfacial defects and strain in substrate clamped thin films are important and affect the 
overlapping mechanisms, a thicker film will therefore be less affected by the interfacial region than a 
thin film [83]. A clear picture of how the clamping affects the conductivity is still missing in particular 
for temperatures which are not cryogenic. Therefore a large section of this thesis is aimed at 
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studying the conductivity of Nb doped SrTiO3 at different doping levels on two common substrates 
used for CoFe2O4 and BaTiO3 layers such as LaAlO3 and SrTiO3. 
In conclusion, there are different possible configurations of electrodes which can be used for this 
thesis. The choice of the electrode is mainly based on its conductive properties, then on its 
compatibility with the films. Therefore, an oxide conductive bottom electrode is more suitable when 
the epitaxy needs to be preserved. Among the oxide conductive materials, SrRuO3 may be the best 
due to its excellent track record of being a bottom oxide electrode and because the doping of SrTiO3 
introduces either cation or oxygen vacancies which may encourage diffusion across the interface at 
temperatures used in the PLD growth. On the other hand, Nb doped SrTiO3 is of a greater 
commercial interest for conductive electrode due to its lower cost. 
 
Conclusion of Chapter I 
 
In this introduction it has become clear that for obtaining a good magnetoelectric coupling, 
magnetoelectric composites rather than intrinsic multiferroics are more promising for possible 
device applications, in particular for room temperature operating devices. The initial step for 
optimising a piezoelectric-magnetostrictive composite will be to control and understand each 
materials functionality when grown as a thin film by PLD. It was found that the striction of both parts 
depends on many growth factors which need to be addressed first.  
Of the various possible combinations of magneto-electric composites, CoFe2O4-BaTiO3 were chosen 
due to previous reported promising properties and due to the fact that lead piezoelectric will be 
avoided. 
As the reported studies of magnetoelectric properties rarely report the proof of an elastic 
interaction via the interfaces, but merely show the coexistence of ferroelectricity and 
ferromagnetism, the conclusion was to concentrate on a better undertanding of the interfaces. 
Unlike a magnetic field appliance, the electric field needs conductive electroding for evaluation. As 
the research will concentrate on layered structures, it was concluded that a top and bottom 
configuration would be most suitable. However, as the aim is to preserve the epitaxial growth of the 
CoFe2O4-BaTiO3, an oxide that can provide both good conductivity as well as being a growth 
template for the magneto-electric layered structure is needed.  
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From the review, it was decided that both SrRuO3 and Nb doped SrTiO3 showed interesting 
properties and would be chosen for further research. 
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The objective of this chapter is to provide detailed information from the sample preparation to 
their characterisation. The major techniques used through this project are listed and presented 
and a theoretical background is also given when necessary.  
 
II-1. Materials preparation 
 
In this work, the samples were prepared both as bulk and as thin films. Bulk ceramic materials 
were prepared by solid state chemistry, primarily for Pulsed Laser Deposition (PLD) target 
purposes, and thin films were deposited by PLD. The two methods are presented in detail in this 
section. 
 
II-1.1. Powder preparation 
 
First the conductive oxide preparation of niobium doped SrTiO3, synthesised by conventional 
solid state chemistry is presented. Different mixtures of powders were prepared with the 
correct stoichiometry for four different levels of niobium doping of 0, 2, 3.5 and 5 mol%.  
Strontium carbonate (purity of 99.99 % – Aldrich), titanium oxide (purity of 99.9 % – Pi-Kem LTD) 
and niobium oxide (purity of 99.99 % – Pi-Kem LTD) were used as starting materials. They were 
dehydrated at 120°C before being mixed in the appropriate proportions. The mixture was then 
ball milled with yttria stabilized zirconia milling balls and in isopropanol (99.9% - Aldrich) over 
night (approx 10 hours) keeping the same milling conditions (time, number of balls, ratio 
between the mass of the powder and volume of isopropanol) for each mixing. After drying, the 
powder was calcined for 5 hours at temperatures between 1055 and 1095°C determined by 
thermal analysis. An additional step of high speed ball milling (90 minutes, 300 rpm) was 
followed after the calcination. This step may enable the insertion of niobium in SrTiO3 lattice as 
well as sintering as it increases defects which may improve intergranular diffusion. When a 
single phase was obtained, the materials were sintered at temperatures between 1360 and 
1430°C, the appropriate temperature having been determined by dilatometry measurement. 
For the preparation of targets, a pellet of 25 mm in diameter was necessary, whereas for the 
properties’ evaluation, 8 mm diameter pellets were prepared. As deformations and cracks were 
observed in the 25 mm diameter pellets during the sintering at high temperatures, 2 to 3 % in 
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mass of polyethylene glycol 4000 (Aldrich) was used as binder and added to the calcined powder 
and then pressed by an isostatic press. 
The targets were used for the Pulsed Laser Deposition of thin films and bulk pellets were used 
for crystallographic and electron microscopy analysis. 
 
II-1.2. Pulsed Laser Deposition 
 
The Pulsed Laser Deposition (PLD) technique was the deposition technique extensively used in 
this work to prepare thin films. Before explaining the experimental procedure, a theoretical 
background on PLD is presented. 
 
Principle 
Pulsed Laser Deposition (PLD) is a high quality thin film deposition technique, part of the 
physical vapour deposition (PVD) group. It consists of transferring matter from the bulk state to 
a thin layer in which the growth is atomically controlled. 
The physical properties of the light-matter interaction are utilised in focusing an excimer laser 
beam onto the surface of a dense target. The energetic interaction between the laser and the 
target vaporises the target elements and enhances the formation of a plasma containing atoms, 
ions, radicals, molecular clusters, which will deposit on a selected substrate. This technique saw 
a rapid and important development in the late 1980's during the race for superconducting thin 
film materials such as YBa2Cu3O7-d [1]. PLD allows a stoichiometric transfer of the matter from 
the target to the film. This technique is mainly used for oxide materials but metals and organic 
materials can also be deposited. 
In Figure II- 1, a scheme of a PLD system is presented. The laser is directed and focused onto a 
target using a series of mirrors and lenses and it enters a vacuum chamber through a UV 
transparent window to minimize the laser beam energy loss. The use of an electromagnetic 
source external to the deposition system enables a good control of the PLD chamber 
parameters in which ultra high vacuum or controlled pressure of gas is maintained during the 
deposition. Inert gas such as argon or reactive gas such as oxygen, nitrogen, N2O can be used. In 
order to keep a good surface and an even ablation, a spinning movement is applied to the 
target. The substrate located at 5 to 10 cm from the target is temperature controlled and has a 
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spinning motion to assure homogeneity. Several targets can be placed in the chamber, which 
facilitates the deposition of multilayers without opening the chamber and cooling down the 
system. 
 
Figure II- 1: Diagram of a Pulsed Laser Deposition system showing the laser beam entering the 
deposition chamber via an UV transparent window before hitting the target which creates a 
plasma. 
 
Mechanism 
The laser ablation process and the efficiency of the deposition depend on different parameters 
of the system and on the material deposited. The wavelength, the energy of the laser and its 
spot size will be the extrinsic parameters whereas the thermodynamic, optical properties and 
density of the target will be the intrinsic characteristics.  
The absorption of the beam onto a material converts the electromagnetic wave energy to 
thermal, chemical and mechanical energies producing evaporation and ablation of the material 
and the formation of a plasma at the surface of the target. The intensity of the laser-target 
interaction plays a key role in the creation of the plasma as under a particular value called the 
fluence limit, no plasma can be formed and the target is only heated up. The fluence 
corresponds to the ratio between the energy of the laser and the laser spot size on the surface 
and is expressed in J.cm-2. When the right conditions are met, the interaction between the laser 
and the target creates the plasma also known as the plume in which the vaporised elements, all 
coming from the target, are present with energies varying from low to few hundreds electron-
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volts (eV) [2, 3]. The plasma is directed perpendicular towards the surface towards the 
substrate.  
 
Figure II- 2: Photo of the plasma created on the surface of the CoFe2O4 target. The plume, 
containing atoms, ions and molecular clusters, is directed towards a substrate mounted on a 
substrate holder situated in front of the target. 
 
Some of the elements forming the plasma reach the substrate and use their energy to be 
positioned into the most thermodynamically stable site. The quality of the layer is therefore 
strongly dependent on the energy given to the system, both from the plasma and the substrate 
heater. According to J. Tischler et al. [4], the film formation takes place in two thermodynamic 
steps. The first step occurs when the element reaches the substrate carrying the residual plume 
energy after the collisions in the plasma, it enhances a fast and non-equilibrium growth of the 
film. The second step is the thermal equilibrium enabled by the temperature of the substrate. 
This process is slow compared to the first step as it involves surface diffusion and enables 
crystallisation and surface rearrangements [5, 6]. This process is responsible of surface 
smoothness [6, 7]. Therefore, the dwell time between two pulses (i.e. the pulse rate) and the 
annealing process plays an important role in the thin film quality. 
From these processes different growth modes can occur and are illustrated in Figure II- 3: 
- Frank-van der Merve or layer-by-layer growth 
- Volmer-Weber or island growth  
- Stranski-Krastanov growth mode 
In the layer-by-layer growth mode (Figure II- 3 b)) the adatoms form a complete 2D layer before 
starting the growth of a new layer, a smooth atomically flat surface is then obtained. On the 
contrary, the islands growth mode (Figure II- 3 a)) corresponds to the formation of islands from 
nucleation sites which increase in size and overlap forming a rough layer. The Stranski-Krastanov 
Chapter II: Experimental techniques 
______________________________________________________________________________ 
62 
 
growth mode (Figure II- 3 c)) is characterized by both 2D (layer by layer) and 3D (islands) growth 
modes depending on the chemical and thermodynamical properties of the materials deposited. 
The thickness limit between the 2D and 3D growth mode is called the critical thickness. 
Volmer-Weber mode Frank-van der Merve
mode
Stranski-Krastanov 
mode
(a) (b) (c)
 
Figure II- 3: The three common growth mechanisms during the PLD deposition process. (a) is the 
Volmer-Weber island growth mode, (b) is the Frank-van der Merve layer-by-layer growth mode 
and (c) is the Stranski-Krastanov growth mode 
 
Pulsed Laser Deposition is a suitable method for deposition of oxide material. Unlike other PVD 
techniques such as sputtering or vapour deposition, the films produced by PLD conserve the 
stoichiometry of the target as it does not depend on the evaporation temperature and 
vaporisation pressure of the elements. It is referred as a congruent deposition. However, the 
repeated laser pulses on the target in association with the high energy of the beam can lead to 
the exfoliation phenomenon (also referred as splashing) which can bring aggregates and 
particles of few hundred nanometres size onto the film surface. This splashing phenomenon can 
have a disastrous impact on the film properties as it can produce shortcircuits and defects in 
multilayer structures. Moreover, when compared with other PVD techniques, PLD suffers from a 
scalability problem as the small size of the plume is a limiting factor for deposition of materials 
over large surface areas and limits the use of PLD for industrial processes. Therefore it was 
concluded that the substrate size should be limited to 10 x 10 mm2 using this setup. In most 
cases, substrates of 5 x 5 mm2 were used to assure homogeneous film thickness. 
 
Deposition procedure 
The nanostructured films produced are very sensitive to contamination. Thorough cleaning and 
preparation of the substrates is therefore an important step in the process to remove unwanted 
substances. In order to avoid contamination, the substrates and the targets were handled with 
extreme care and with cleaned instruments.  
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All substrates were prepared in the same manner by using a three step cleaning procedure. The 
substrates were placed in ultrasonic baths of acetone, isopropanol and finally deionized water 
for 3 minutes. Each step dissolves any undesired products from the surface and finally the 
substrates were blown with inert nitrogen to eliminate last solvent traces. The substrate was 
mounted on the substrate holder using silver paste which provides good thermal contact as well 
as a temperature stable adhesive which can be easily removed. When inserted in the vacuum 
chamber fixed on the substrate holder, an extra burn-off step of three minutes in 1 atmosphere 
of oxygen was added at high temperature to remove any contamination left, in particular 
organics. 
In this project, a KrF excimer laser (Lambda Physics LPX 100) producing a coherent 
monochromatic beam at 248 nm was used. After passing through a series of apertures, mirror, 
lens and UV transparent window, the intensity of the laser beam arriving on the target was 
equal to 120 mJ for a spot size of 1.2 x 5.5 mm2. Therefore the fluence of the laser was equal to 
1.8 J.cm-2. The substrate was located at 7 cm from the target and a rotative motion was applied 
during the deposition to keep a good homogeneity on the surface of the target. 
The pulse rate of the laser was adapted for an adequate balance between the quality of the film 
and the time of preparation. A constant growth rate of 0.3 to 0.6 Å.s-1 was obtained by 
accommodating the laser frequency at 2 Hz for BaTiO3 and doped SrTiO3 and at 8 Hz for CoFe2O4 
and SrRuO3. A slow pulse rate allows more time for the adatoms to diffuse on the surface and 
find an energetically favourable location site, smoother and better quality of the surface of the 
film can then be achieved. 
The deposition temperature of the substrate was fixed at 700oC except when explicitly 
stipulated. The depositions were performed under a small partial pressure of oxygen, typically 
between 80 to 150 mTorr, low enough for obtaining smooth surfaces and conserving the correct 
stoichiometry of oxygen. In the thesis, the experimental conditions are clearly explained for 
each deposition. After the deposition, the samples were sometimes annealed in-situ under 1 
atmosphere of oxygen for a chosen time (usually between 20 minutes to 1 hour). The samples 
are finally cooled down to room temperature at a rate of 10oC.min-1 inside the chamber. 
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II-1.3. Thickness measurements 
 
Film thickness is an important parameter which needs to be known accurately to evaluate the 
functional properties correctly. Several different methods were used to analyse the film 
thickness: the white light interferometer, the profilometer and the transmission electron 
microscope. The white light interferometer is a routine measurement used on each sample 
whereas the profilometer technique was used to verify the thickness when a transmission 
electron microscopy study was not performed (for the study of SrRuO3 in Chapter III). The white 
light interferometer technique is detailed in the following paragraphs, whereas details on 
profilometer measurements can be found in the Appendix. The transmission electron 
microscope is also detailed in the following sections.  
The white light interferometer technique [8] is a fast technique which enables accurate 
measurements for thicknesses ranging from tens to hundreds nanometres. The interferometer 
(Zygo NewView 200) measures and maps the topography of the surface in three dimensions. 
The interferometer is presented in Figure II- 4.  
 
Figure II- 4: The white light microscope based interferometer system and the detail part of the 
Mirau interferometer 
 
The white light interferometer is a non-contact method where the sample is placed on a motion 
controlled stage. The light of the microscope passes through a series of band filter and lens, and 
then is split in two paths by the beam splitter. One beam is reflected towards the reference 
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surface and the second beam is directed towards the test surface. Both beams are then directed 
towards a digital CCD camera. 
The signal on the CCD camera results in constructive and destructive interferences separated by 
half of a wavelength. In moving the reference surface with piezoelectric transducers, the digital 
signal is computed and a 3-D image of the surface can be visualised on the software MetroPro 
8.1.5. The vertical signal is measured using the interferometer signal whereas the horizontal axis 
is determined by the CCD camera pixels. Therefore the resolution in the Z direction is higher 
than the X and Y direction and is in the nanometre scale. A map of the surface of the sample is 
represented in Figure II- 5, the curve line and the sharp variations in colours indicate the 
presence of a step on the surface of the sample. This step can be measured in drawing a profile 
line (Figure II- 5) and can also be visualised in 3-D (Figure II- 5). 
 
Figure II- 5: Images obtained from white light interferometer of a 56.4 nm thin film of SrTiO3 
doped with Nb. Image (a) represents the surface map, (b) the profile plot and (c) the 3-D view.  
 
For the white light interferometer, a step needs to be prepared during the PLD deposition by 
masking a corner of the substrate with prepared inert TiO2 paste. The TiO2 can be easily 
removed in acetone after the deposition and a corner free of film is exposed.  
The resulting map observed during the measurement allows doing several profile lines to extract 
an average of the thickness. An average over five measurements was estimated. However, this 
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technique is strongly dependent on the reflexion of the surface of the sample and therefore a 
20 nm layer of gold was sputtered on top of the films to obtain a more accurate value of the 
thickness when necessary. When it was not possible to coat the sample, the profilometer 
technique was used to verify the thickness value. 
 
II-1.4. Substrates properties  
 
In this work, four different substrates were used as growth templates. The templates were 
selected preliminary for their crystallographic structure and lattice parameters and further by 
their composition and physical properties as a good matching with the films deposited need to 
be considered. The four single crystal substrates selected were strontium titanate (SrTiO3), 
barium titanate (BaTiO3), lanthanum aluminate (LaAlO3) and magnesium oxide (MgO), all cut in 
the (001) direction. 
Strontium titanate (SrTiO3) has a simple cubic structure at room temperature with a lattice 
parameter of 3.905 Å. The atoms arrangement of the structure forms a perovskite, as presented 
in Figure II- 6. SrTiO3 changes to a tetragonal phase below 105 K. It is a good insulator and shows 
stability even at high temperature. 
Barium titanate (BaTiO3) has a tetragonal perovskite structure as described in Chapter I. It is an 
insulator as well as ferroelectric. BaTiO3 goes through several phase transitions and more 
particularly at 120°C, which corresponds to a temperature point crossed during the post 
deposition cooling procedure. BaTiO3 substrate is not perfectly epitaxial as both a and c axis 
orientation are present. 
Magnesium oxide (MgO) presents a face centred cubic structure (NaCl) type with magnesium 
Mg2+ and oxygen O2- ions positioned in the lattice as observed in Figure II- 6 (a). MgO has a 
lattice parameter of 4.211 Å and is a very good insulator. This allows the deposition of CoFe2O4 
with a very small lattice mismatch of +0.4%. However MgO has shown some unstable chemical 
properties at high temperature as magnesium can easily diffuse [9].  
Lanthanum aluminate (LaAlO3) has a rhombohedral structure at room temperature with 
a = 5.357 Å and a = 60°6’. But it can be considered as a pseudo cubic unit cell with a = 3.863 Å 
and g =  90°5’. Above 800 K, LaAlO3 structure becomes cubic. LaAlO3 is also a good insulator. 
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Figure II- 6: Crystallographic arrangement in MgO (a) and perovskite ABO3 (b) structures.  
 
Table II- 1: Characteristic values at room temperature of the substrates SrTiO3, BaTiO3, LaAlO3 
and MgO used in this project. 
 SrTiO3 BaTiO3 LaAlO3 MgO 
Structure* 
Cubic, 
perovskite 
Tetragonal, 
perovskite 
Pseudo cubic, 
perovskite 
 Cubic,             
NaCl type 
Lattice parameters a = 3.905 Å 
a = 3.994 Å 
c = 4.038 Å 
a = 3.789 Å 
g =  90°5’ 
a = 4.211 Å 
Lattice mismatch 
with CoFe2O4 
-7.4% -5.0% -10.7% +0.4% 
Lattice mismatch 
with BaTiO3 
-2.3% - -5.4% +5.2% 
Thermal expansion 
coefficient 
9 x 10-6 K-1 
  15 x 10-7 K-1 (a axis) 
  6.2 x 10-7 K-1 (c axis) 
1.0 x 10-5 K-1 8.0 x 10-6 K-1  
Chemical stability Yes Yes Yes 
Not at high 
temperature 
Electric properties 
Insulator, 
conductive 
when doped 
Insulator, 
ferroelectric 
Insulator Insulator 
Magnetic 
properties 
Diamagnetic Diamagnetic Diamagnetic Diamagnetic 
* Crystallographic structures are given at room temperature. 
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II-2. Materials characterisation 
 
II-2.1. X-Ray diffraction 
 
X-Ray Diffraction (XRD) was used to evaluate the crystal structure and phase purity of powders 
and thin films.  Considerable stress and strain analysis were also performed on the thin films. 
XRD is a non destructive technique based on the Bragg diffraction law. A constructive 
interference is formed when the path length of each wave of the X-ray beam is equal to a 
multiple integer of the wavelength (Eq. II- 1). 
 2.d.sinq = n. l         Eq. II- 1 
where d is the spacing between parallel planes in the lattice, q is the angle between the incident 
ray and the scattered plane, n is an integer and l is the wavelength of the X-ray beam. 
 
Figure II- 7 : Scheme of the 4-circle instrumental system for X-ray diffraction. 
 
The X-ray diffraction were performed on a high resolution X-ray diffractometer (Philips X’Pert 
Pro) using a Cu source K
a1 (1.540598 Å) and Ka2. A nickel filter was used on the incident side of 
the machine followed by a divergent slit and a Ge monochromator on the scattered beam path 
in order to reduce the fluorescence. The X-ray detector (X’celerator, PANalytical) was collecting 
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the diffracted signal using a high speed data collection. X-ray measurements were performed on 
both powders and thin films. 
The phases were identified by the International Centre for Diffraction Data (ICDD) database. 
Identification numbers for each material used are presented in Table II- 2. 
 
Table II- 2: Identity reference code used as diffracted pattern references from the ICDD database. 
Material CoFe2O4 BaTiO3 SrRuO3 SrTiO3 LaAlO3 MgO 
ICDD n° 
reference  
00-22-1086 00-05-626 01-80-1529 00-35-734 01-85-0848 00-45-0946 
 
 
Powder measurements 
Powders and pellets were measured in the symmetric q-2q configuration using a 1/2o divergent 
slit. The calcined powders were carefully ground using a mortar and pestle to homogenise the 
powder. Diffraction scans were measured between 20° to 120° with a step size of 0.02°. The 
X’celerator detector enabled to use a high count rate of 100 seconds per step which gives a very 
good signal to noise ratio. The phase purity of the powder can then be determined in the limit of 
resolution of ~ 5% of the volume. The lattice parameters was determined using Rietveld 
refinement technique included in the X’Pert HighScore Plus software. 
 
Thin film measurements 
Different diffraction configurations were used for thin film measurements. The routine q-2q 
scans were used to observe the out-of-plane orientation of the film whereas in-plane 
measurements were done by both reciprocal space mapping and grazing incident X-ray 
diffraction and further the alignment of the film onto the substrate was analyzed by rotating j-
scans. 
· Symmetricqq scans
The out-of-plane orientation of the film was determined by q-2q scan. The sample must be 
perfectly aligned in order to place the diffraction vector perpendicular to the surface. For the 5 x 
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5 mm2 samples a 1/16o divergent slit was used. The identification of the diffracted peaks using 
the ICDD database enables to define the preferential orientations. The lattice parameters and 
the microstrain were also evaluated. 
For the epitaxial films, the lattice parameters were calculated using the Nelson-Riley formula 
(Eq. II- 2) to minimize the systematic errors coming from the equipment such as improperly 
centred samples, absorption of the beam by the film, divergence of the X-ray beam which 
affects the d spacing parameter. By plotting the Nelson-Riley function (f(q)) against the product 
of the d spacing with the diffracted plane indice (e.g. dxh), a straight line is obtained. The 
extrapolation of the line to the geometrically forbidden angle q = 90o, i.e. f(q) = 0, gives the 
lattice parameter value free of systematic errors. 
       Eq. II- 2 
 
The non-uniform microstrain, seen through the peak broadening was calculated using Scherrer’s 
formula presented in Eq. II- 3. The microstrain originated from localised stress indicates the 
presence of dislocations and point defects. 
      Eq. II- 3 
where βt is the full width half maximum (FWHM), experimentally calculated from the 
broadening of the peak, D the crystallite size (equivalent to the thickness of the film for epitaxial 
films, ε the microstrain and β0 the instrumental broadening (0.05
o) and Q the angle of each 
peak.  
· Phi-scans 
j-scans determined the alignment of the layers compared with the substrate. By collecting the 
X-ray signal around a full revolution of the j angle positioned at a selected family of planes in an 
inclined direction, e.g. (h0l) (the angles y and 2q are used to position the diffracted vector 
perpendicular to the correct family of planes).  
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· Reciprocal space mapping 
The in-plane lattice parameters of the film were also determined using the reciprocal space 
mapping.  
This asymmetric technique requires similar settings than the ones used for j-scans as the beam 
should be positioned onto a {h0l} family of planes. A series of q-2q scans were performed over 
10° to 12° around the peak position by changing the y position over a range of 5° with a step 
size of 0.15°. The reciprocal vectors qx/y (Eq. II- 4) and qz (Eq. II- 5) were calculated using the 
reciprocal space formulas: 
  
yq
l
p
cos.sin
4
=zq
       
Eq. II- 4 
 
  
yq
l
p
sin.sin
4
/ =yxq
       
Eq. II- 5 
 
A 2D map could then be drawn representing the two reciprocal vectors versus the intensity. The 
map shows spots corresponding to the peak area and from the centre of these peaks. The lattice 
parameters in and out-of-plane can be determined using Eq. II- 6 and Eq. II- 7: 
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By using the substrate peak position (regarded as unstrained), the lattice parameters of the thin 
film could be determined. 
· Grazing incidence X-ray Diffraction (GIXD) 
An additional method was used to verify the in-plane orientation of the film and the lattice 
parameters. Grazing incidence X-ray Diffraction (GIXD) consists if diffracting the planes 
perpendicular to the sample surface generating surface waves (Figure II- 8). The incident beam is 
at a grazing angle, usually w = 90° ± 1°, arriving nearly parallel to the sample surface. It has the 
advantage of presenting a small penetration depth of only few hundred of nanometres into the 
surface, which decreases the signal from the substrate. 
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Figure II- 8: Representation of a grazing incident X-ray diffraction scan with the specific geometry 
of the incident and diffracted beams. 
 
II-2.2. Atomic Force Microscopy 
 
Roughness and topography of the surface of the thin films was evaluated by Atomic Force 
Microscopy (AFM). This method is a non destructive technique based on the measurement of 
attractive and repulsive forces between the surface and a sharp tip mounted on a cantilever 
(silicon based materials were used). When the tip is brought close to the surface, the deflection 
of the cantilever from its stable position is detected by photodiodes and topography features of 
less than a nanometre can be observed.  
There are two main modes for topography analysis: 
- In the contact mode, the tip is in contact with the sample, the deflection of the 
cantilever is detected by the photodiode detector which enhances a displacement of the 
piezoelectric tube using a feedback loop system. The displacement of the piezoelectric 
tube is the signal measured. The AFM contact mode is normally used for hard samples 
and when the AFM is used for other purposes than topography measurements such as 
piezo force microscopy (PFM) (explained in the functional properties characterisation 
part of Chapter II) 
- In the tapping mode, the tip is not in contact with the sample which prevents any 
damage of the surface. The cantilever is set close to its resonance frequency and the 
interaction between the tip with the surface modifies the amplitude of the oscillation. 
Despite the tapping mode has been developed for soft or liquid materials, it is widely 
used for sensitive surface such as thin films and for magnetic force microscopy (MFM) 
(explained in the Functional Properties Characterisation part of Chapter II).  
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Figure II- 9: AFM setup representation of the displacement of the laser by deflection of the 
cantilever in an AFM setup and its feedback loop system on the piezo-electric tube.  
 
A Veeko Dimension AFM was used in the tapping mode mounted with a silicon nitride 
cantilever. Scans of 5 to 15 mm2 were used for average surface roughness evaluation, whilst 
smaller scans of 1 mm2 were necessary to pick up nanofeatures such as islands resulting from 
the PLD deposition process. All the samples were thoroughly cleaned before the measurements.  
 
II-2.3. Microscopy techniques: transmission electron microscopy 
 
For information on the texture, epitaxy, chemistry and quality of the oxide interfaces, 
transmission electron microscopy (TEM) was used. It is a good complementary technique to X-
ray diffraction for evaluating the crystallographic properties of the thin films. Two types of 
microscopes were used: the versatile microscope JEOL 2000FX and the high resolution 
microscope TITAN 80/300 TEM/STEM. The measurements on this latter system were assisted by 
Dr Liam Spillane, Miss Harriet Boswell and Dr Vaso Tilleli from the electron microscope group of 
Prof David McComb, Department of Materials at Imperial College London. 
An image is produced via the electron diffraction of a very thin specimen (less than 100 nm 
thick). The image is magnified and focused on a fluorescent screen or the diffraction pattern is 
collected on a CCD camera, which enables the analysis required. On the JEOL 2000FX, emitted 
electrons from a tungsten filament are accelerated by a high voltage of 200 kV and then focused 
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onto the specimen through a series of condenser lenses (electromagnetic lenses). When 
crossing a crystalline specimen, the electrons are diffracted and focused by the objective, 
intermediate and projector lenses. In this work TEM experiments were used for different 
analysis: i) conventional imaging (bright and dark field imaging); ii) electron diffraction (selected 
area diffraction); iii) phase contrast imaging (high resolution TEM); iv) chemical analysis 
(electrons energy loss spectroscopy – EELS). iii) and iv) were performed on the TITAN 80/300 
microscope. 
Conventional imaging capturing and electron diffraction are the two main techniques used on 
the JEOL 2000FX. In Figure II- 10, one can observe that TEM modes can easily be swaped by 
changing the intermediate lens strength.   
 
Figure II- 10: Representation of the two main TEM modes used in this thesis: conventional 
imaging (left) and electron diffraction (right) 
 
In the image mode, an image is obtained by placing the first intermediate image on the viewing 
screen. The contrast of the specimen is improved by inserting an objective aperture at the back 
focal plane of the objective lens. In that configuration, only the transmitted beam passes and a 
bright-field (BF) image is formed on the viewing screen. The objective aperture can also be 
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positioned to let only some diffracted electrons pass; this increases the contrast of the image 
which is called a dark-field (DF) image. 
In the diffraction mode, the back focal plane is placed on the CCD camera. An intermediate 
aperture is inserted to select the diffracted area of the specimen. Selected area diffraction is 
used to observe the crystallinity and epitaxy of the specimen, rotation of the specimen around 
the horizontal axis is made possible in-situ by the specimen holder. The diffraction spots or rings 
obtained can be used to measure the interplanar distances dhkl of crystalline films.  
 
Figure II- 11: Scheme representing of the diffraction of a specimen in a TEM. 
 
By combining Bragg’s formula for small angle diffracted beam (Eq. II- 8) and geometrical 
relationship (Eq. II- 9) seen in Figure II- 11, the two relationships can be expressed as: 
  n l = 2 dhkl sin q = 2 dhkl q      Eq. II- 8 
   r = L tan 2q ~ 2 L q       Eq. II- 9 
where dhkl is the interplanar distance; q the diffracted angle; L the camera length and r the 
distance between the direct beam and the selected diffracted beam. 
The interplanar distance dhkl can be calculated using this formula presented in Eq. II- 10: 
  r dhkl = L l                   Eq. II- 10
The value L l is a constant internal to the system as it depends on the camera length and the 
electron beam wavelength. From the measured r, it is then possible to calculate the dhkl.  
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For this thesis, the critical thickness, defects and lattice parameters were analysed for CoFe2O4 
films and later the interfaces of multilayered structures. 
 
II-3. Functional property analysis 
 
II-3.1. Magnetic properties 
 
SQUID magnetometer 
Magnetic measurements were made using the Superconducting Quantum Interference Device 
(SQUID) as it is very sensitive and detects low magnetic momentum. It is therefore a particularly 
suitable technique for the small magnetic volumes present in thin films. 
The SQUID (Figure II- 12) is made of a superconducting coil broken by one or two thin insulative 
sections. Under a magnetic field, a current flows into this detection coil and cross the insulating 
sections by the tunneling effect, the amplitude of the magnetic field directly affects the current 
value. During the measurement, an uniform magnetic field produced by two pairs of coils is 
applied to the sample located in the centre. In moving the sample through the coils, a magnetic 
flux is created and therefore induces a current in the detection coil. The current measured is 
proportional to the magnetic field. 
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Figure II- 12: Representation of a SQUID magnetometer. The motion of a magnetic sample 
induces a current through the superconducting device. 
 
Magnetism in thin films was evaluated between an applied magnetic field of +6 and -6 Tesla 
with a step of 0.1 Tesla between -2 and +2 Tesla and of 0.5 Tesla elsewhere. Most 
measurements were performed at room temperature but low temperatures down to cryogenic 
temperatures were also used. Magnetic momentum perpendicular or parallel to the film were 
realised by positioning the sample accordingly with the sample holder. This enables measuring 
hard and soft directions. Magnetic momentum were also recorded as a function of the 
temperature, in that case, the applied magnetic field was set at a specific value (e.g.: 0.8 Tesla) 
and the magnetic moment was collected every 0.5 K between 300 to 5 K. 
 
Magnetic Force Microscopy 
 
MFM imaging is a powerful technique to visualise magnetic surface as it does not require 
sample preparation and can be performed at room temperature and atmospheric pressure.  
The magnetic force microscopy technique (MFM) was used to analyse the magnetic 
environment at the surface of magnetic samples. Magnetic domain size and shape and magnetic 
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walls were observed. MFM is a variant of the atomic force microscopy (AFM) technique 
described previously. Unlike the AFM, MFM tips are coated with magnetic material of hundreds 
nanometers thick (250 nm of cobalt / chromium coated probes were used in this study), and, 
prior to the measurement, the tip is magnetised with a strong permanent magnet. The MFM 
measurement was made with the same Veeko Dimension used for the AFM study and with the 
settings used, a lateral resolution of about 30 nm was achieved.  
MFM measurement was set in the tapping mode and measured the variation of phase of the 
vibrating cantilever. The interaction forces between the magnetic surface and the coated tip 
influence the cantilever vibration and provide a mapping of the magnetic forces over the scan 
area. However the forces applied on the cantilever do not only come from magnetic interaction 
but also from non magnetic forces (similar to the forces found in AFM measurements). 
Therefore it is important to dissociate these two types of forces in the interpretation of the 
data. During the measurement, two types of scans were recorded simultaneously: topographic 
and magnetic measurement. The magnetic forces are long range interactions so a cantilever lift 
height of 30 nm to 60 nm was used during the magnetic measurement to reduce the 
topography forces. The AFM and MFM scans were carefully compared to determine whether 
the signal had magnetic or topographic origins. 
In this research, the MFM was mainly used to image the different magnetic domains of CoFe2O4 
on different substrates. 
 
II-3.2. Electric properties 
 
I-V measurements 
Conductivity measurements on deposited thin films were routinely performed using a four 
points probes technique. It allows an efficient and quick evaluation of the sheet resistance of 
the films at room temperature. Conductivity over temperature was performed using the van der 
Pauw technique instead. 
· Four point probes measurement 
The conductivity of thin films was measured at room temperature using the four points probe 
technique presented in Figure II- 13. It consists of passing a current through the outer probes 
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noted as A and B, which induces a voltage in the inner voltage probes, noted C and D. The 
distance between each probe must be kept identical to validate the conductivity measurement 
of the film. 
The conductance can then easily be expressed by the inverse of the resistance corresponding to 
the following formula expressed as: 
         Eq. II. 1 
where V is the voltage measured between C and D and I the current applied between A and B.
The sheet resistance is usually expressed as W/square. 
 
Figure II- 13: (a) Contacts position for the four probes measurement and (b) the position of the 
electrodes for the van der Pauw measurement technique. 
 
· van der Pauw measurement: 
The van der Pauw measurement was used to measure the conductivity as a function of the 
temperature. The measurement was performed in a cryogenic temperature controlled chamber 
where the four-points probe technique was not possible to realise. The van der Pauw method 
allows measurements of the conductivity for arbitrarily shaped samples by attaching the wires 
around the sample.  
Figure II- 13 b) shows the position of the contacts on the surface of the sample. The measured 
sheet must be homogeneous and much thinner than the distance between any two contacts. 
Conditions of contacts position had to be defined to reduce the errors of the measurement: 
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- they must be located at the boundary of the sample  
- they must be as small as possible 
The measurement took place by applying a current between the contact A and B, whereas the 
voltage was measured across C and D. The resistance called RAB,CD was obtained as seen in Eq. II- 
11: 
                            Eq. II- 11 
Similarly, the resistance RAD,BC was measured and used in the formula Eq. II- 12 to calculate the 
sheet resistance, Rsheet: 
                Eq. II- 12 
where the factor  correspond to a function dependant on the geometry of the sample 
and the position of the contacts, it varies from 0 to 1 [10]. 
The resistivity r of the sample can also be deduced when the thickness t of the sample is known 
(Eq. II- 13): 
                    Eq. II- 13 
 
 
II-3.3. Polarisation measurements 
 
Ferroelectric measurements 
Polarization measurements were made by using a ferroelectric tester (Radiant Technologies 
Precision LC) in association with Vision software. The measurement was done between two 
electrodes where the variation of charge was detected and then converted into the polarisation. 
An oxide bottom electrode was placed between the substrate and the film as described in 
Chapter I. A top gold electrode was prepared by lithography as detailed in the Appendix.  
A voltage was applied to the sample creating an internal electric field between the electrodes. 
When the material is an insulator, there is a displacement of charges between the electrodes 
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surface. If the electric field is high enough, a polarisation is created which can be switched by 
applying the field in the opposite direction. 
The current (I) and the polarisation (P) of the sample can be determined in measuring the 
charge (Q) as presented in the following equations:   
              and                           Eq. II- 14 
where V is the voltage and S is the surface area of the electrode. 
 
During the measurement, the capacitance response of the sample is compared with an internal 
capacitance, as presented in the following figure showing the Sawyer-Tower circuit.  
oscilloscope
earth
X Y
CRef CS
sample
 
Figure II- 14: Schematic diagram of the Sawyer-Tower electric circuit for ferroelectric 
measurements 
 
By generating a voltage through the circuit, it is possible to determine the capacitance of the 
sample using the reference capacitor (CRef) with the sample. The charge (Q) is equal over the two 
capacitors in series.  
                     Eq. II. 15 
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Therefore the voltage measured by the oscilloscope over the sample is plotted on the x-axis and 
the charge calculated on the y-axis. The polarization is then measured during the measurement 
cycle. 
This measurement technique is quick to realize but is very sensitive to the presence of leakage 
current as it is the charge variation that is measured. 
The disadvantageous leakage effect can be reduced using a specific electric signal sequence 
called the PUND (Positive Up Negative Down). This requires observing the response of the 
material to several pulses of the same intensity but opposite directions as presented below. 
P U
N D
time
E
write  
Figure II- 15: Positive Up Negative Down (PUND) voltage sequence used to reduce leakage 
artefacts. 
 
Using this sequence, the contribution of the leakage current is determined as an intense peak of 
current is measured when reversing the polarization. 
 
Piezo Force Microscopy  
Piezo Force Microscopy (PFM) is a technique for imaging the surface of piezoelectric and 
ferroelectric materials based on the AFM principle (see section on Materials characterisation in 
Chapter II). The measurement is performed in putting in contact the surface of the sample with 
a conductive tip attached to a cantilever. A Bruker SCM-PIT tip which has a Pt 5%Ir coating was 
mounted on a Veeko Dimension AFM. The PFM measurements performed in this thesis were 
realised assisted by Dr Tim Burnett, National Physics Laboratory, Teddington, UK.  
By applying a voltage between the tip and the sample, a local external electric field will affect 
the surface of the sample. When the sample is piezoelectric, the electrostriction effect will 
expand or contract the material according to the electric field. If the sample experiences an 
expansion, the tip in contact with it will bend upwards, the deflection intensity will be 
measured. Inversely, if the sample contracts, the tip bends downwards. The PFM measurement 
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is performed in applying a small AC electric field in addition to the DC voltage, then the tip 
oscillates at the surface of the sample and the amplitude and the phase is recorded. 
In this work, PFM instrument was also used to measure the piezoelectric constant of the barium 
titanate. For this measurement, the tip does not sweep onto the surface but stays at a fixed 
position and the DC electric field is varied from 0 V to the voltage chosen. The deflection of the 
cantilever becomes more and more intense when increasing the electric field and a straight line 
is obtained. By comparing the slope measured with those of reference materials (PPLN – 
periodically poled lithium niobate – and glass), the piezoelectric coefficient d33 can be obtained.  
The values were averaged over ten measurements at three different frequencies (21, 31 and 41 
kHz) and compared with the reference. 
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Introduction 
In contrast to magnetic measurements, electric measurements require the use of contacts for 
electrodes. Measurements out-of-plane of a thin film can be performed by using a bottom metal 
oxide electrode which would then also be the growth template of the subsequent magnetoelectric 
layers. A careful selection of the bottom electrode is therefore necessary, as it should satisfy 
crystallographic compatibilities and high conductive properties. A short review on conductive 
electrodes was presented previously in Chapter I. In this chapter, we selected two potential oxide 
electrode materials: doped SrTiO3 with different concentrations of niobium and SrRuO3, an inherent 
conductive metal oxide. Niobium doped SrTiO3 has the advantage of being affordable and can be 
easily prepared. Initially, a bulk study was undertaken to understand the doping mechanisms, 
followed by a study of the conductive behavior of pulsed laser deposited thin layers as a function of 
temperature. In the second part, SrRuO3 films with different deposition conditions and thicknesses 
were prepared. The crystallographic and electric properties of the films were investigated at room 
temperature. 
 
 
III-1. Niobium doped strontium titanate 
 
III-1.1. Bulk material and properties 
 
Calcination processes 
Powders of strontium titanate doped with niobium were prepared by a dry solid state synthesis 
route. The ceramic synthesis route is described in detail in Chapter II. Powders of 0, 2, 3.5 and 5 
mol% of niobium were carefully prepared from high purity powders of strontium carbonate (Aldrich, 
99.99%), rutile titanium oxide (Pi-Kem LTD, 99.99%) and niobium oxide (Pi-Kem LTD, 99.99%). 
  Eq. III. 1 
where w, g and x are the stoichiometric coefficient of SrCO3, TiO2 and Nb2O5, respectively. 
 
The powders in the correct stoichiometry were mixed and thermal analysis was performed to 
determine the calcination temperature for which the starting materials are decomposed. TGA/DSC 
Chapter III: Exploration of conductive oxides: study of niobium doped SrTiO3 and SrRuO3 
__________________________________________________________________________________ 
88 
 
of the powder mixture doped with 5 mol% of niobium is presented in Figure III- 1. The measurement 
was performed at a constant temperature ramp rate of 5°C.min-1, from room temperature to 
1400°C. 
 
Figure III- 1: TGA (green line) and DSC (wine line) traces of a mixture of SrCO3, TiO2 and Nb2O5 
corresponding to a doping of  5 mol% niobium in SrTiO3 heated up from room temperature to 1400°C 
in flowing air. 
 
Two distinctive temperatures materialized by sharp peaks are observed on the DSC trace for the 
temperature T1 and T2 around 950°C and 1100°C, respectively. XRD analysis was used as a tool to 
identify the phases present, the q-2q scans of 5 mol% niobium doped powders are shown in Figure 
III- 2. Both scans reveal peaks corresponding to the perovskite SrTiO3 diffraction pattern (35-734 
ICDD database). Nevertheless a slight shift of the peaks position compare to pure SrTiO3 is observed 
due to the presence of niobium in the lattice, which supposedly changes the lattice parameters.  
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Figure III- 2: X-ray powder diffraction patterns of 5 mol% niobium doped SrTiO3 obtained under 
ambient conditions calcined at 950°C and 1100°C. The inset shows a close up at 2q angles between 
20° and 35°.  
 
Furthermore, one can observe on the scan performed on the powder calcined at 950°C the presence 
of several extra peaks, weaker, revealing the presence of extra phases. The peaks were attributed to 
rutile TiO2 (71-0650 ICDD database) and to a newly formed phase Sr5Nb4O15 (48-421 ICDD database). 
These two phases disappear when the calcination is performed at a higher temperature (around 
1100°C). Similar scans were also recorded for the powders doped with 2 and 3.5 mol% of niobium, 
whereas the undoped sample showed identical pattern regardless the calcination temperature.  
It is then clear that the reaction mechanism occurs in two steps. Firstly around 950°C, the calcination 
process is uncompleted, revealed by the presence of the starting materials, an undesired extra 
phase and the doped SrTiO3 phase. The complete chemical reaction then occurs and produces the 
perovskite phase. The shift of the diffracted peaks are a good indication that niobium is well inserted 
in the matrix. Further lattice parameters analysis is performed in the next sections. It is also 
important to note that a high temperature of calcination is required to assure no secondary phases 
exist. 
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Charge compensation mechanisms 
It is assumed that niobium ions substitute titanium ions in the centre of the octahedron in SrTiO3 as 
the radius of Nb5+ and Ti4+ are 64 and 60.5 pm, respectively (coordination number of 6 in a crystal 
structure) whereas Sr2+ in its 12-coordinated crystal site is much bigger at 158 pm [1]. The insertion 
of niobium will create a deficiency of one electron in the lattice, which will be compensated by 
cation vacancies. The neutrality of the lattice is therefore kept by charge compensation; three types 
of mechanisms were then envisaged and presented as follow in the Kroger-Vink notation: 
 Mechanism 1:   A site vacancy, VSr ‘‘ 
Mechanism 2:   B site vacancy, VTi‘‘‘‘ 
Mechanism 3:   reduction of B, e- 
Vacancies can be created in the A site (cluster frame), in the B site (centre of octahedral) or by the 
reduction of titanium elements, referred as the mechanism 1, 2 or 3, respectively. 5 mol% niobium 
doped powders were prepared following the three mechanisms; the correct amount of powder was 
calculated using the stoichiometry brought by the niobium concentration and the vacancies location. 
The powders were then carefully weighed and mixed to avoid any experimental error in the 
stoichiometry during the preparation process. The powders were calcined in air at 1100°C as it was 
determined by thermal analysis in the previous part. X-ray diffraction study confirmed the presence 
of the right phase and no peaks corresponding to a secondary phase were observed. But XRD suffers 
from a lack of sensitivity of 3 to 5 vol%. Therefore backscattered SEM (scanning electron microscopy) 
coupled with energy dispersive X-ray spectroscopy (EDS) was conducted to observe the composition 
of the sample.  
50 m m 20 m m
VTi’’’’, B site vacancyVSr’’, A site vacancy e
-, reduction of B ion
(c)
20 m
(b)(a)
20 m m
 
Figure III- 3: Backscattered SEM images on polished sample of 5 mol% niobium doped SrTiO3 
prepared by three different mechanisms: (a) mechanism 1, (b) mechanism 2 and (c) mechanism 3. 
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Backscattered SEM images realised at 20 kV on the samples prepared following the three different 
mechanisms are presented in Figure III- 3. The surface of the samples was polished using fine 
diamond polishing particles and carbon coated before the analysis. In the images (a) and (c), one can 
observe the presence of three contrasted regions associated with dark, medium and light grey areas 
whereas image (b) presents only a single contrast. Nevertheless this latter figure presents few dark 
regions. Secondary electron imaging (SEI) on the same area revealed that the dark area corresponds 
to pores whereas most of the dark regions in Figure III- 3 a) and c) are actually backscattered 
electron contrast. This implies that mechanism 2 leads to a single phase material whereas the 
calcination of the powders in air using mechanism 1 and 3 lead to three different phases. Therefore 
single phase perovskite of Nb-doped SrTiO3 when prepared in air was obtained in creating vacancies 
on the B site to compensate the electron deficiency brought by niobium doping. The two other 
mechanisms studied produce residual undesired extra phases. 
EDS analyses performed on different regions of the samples showing extra phases reveal that the 
dark region is a titanium rich phase with a 1:2 ratio of Ti:O. Due to the small size of the light grey 
region, it was not possible to clearly identify the composition by X-ray chemical analysis. However in 
the analysed regions of Figure III- 3 b), the ratio Sr:Ti was maintained within the experimental error. 
The study investigates the stoichiometry of doped SrTiO3 by niobium cation prepared in air. In these 
conditions single phase material was obtained when vacancies are present in the B site of the 
perovskite structure keeping the neutrality of the structure. Other studies have already raised the 
question of the stoichiometry of SrTiO3 when doped by substitution with cations such as niobium or 
lanthanum. Most of the investigations were conducted under reducing atmosphere and the 
formation of extra phases was avoided by using the strontium vacancies mechanism [2, 3]. It has 
also been observed that at high temperature Ti4+ can easily be reduced into Ti3+ [3]. Thin films will 
further be produced and, it is important to know what possible structures Nb doped SrTiO3 may be 
formed and what kind of conductivity to expect. 
  
Crystallographic analysis 
By using mechanism 2, where neutrality in the sample was achieved by keeping vacancies in 
octahedral B sites, three different doping levels of doped SrTiO3 were prepared with 2, 3.5 and 5 
mol% of niobium. An undoped SrTiO3 powder was also prepared to act as a reference. Samples were 
calcined at 1100°C for 5 hours, they were then ground and high resolution XRD coupled with the X-
celerator detector was performed (details can be found in Chapter II). At this temperature, a 
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complete reaction is observed for the three doping levels revealing a single phase pattern as shown 
in Figure III- 2. The scans were used to calculate the lattice parameters by using Rietveld refinement 
analysis tool in the HighScore Plus software package. The refinements were performed based on the 
atomic positions of undoped cubic SrTiO3 structure given by the ICDD 35-0734 database and are 
presented in Figure III- 4.  
 
Figure III- 4: Variation of the lattice parameters with the concentration of niobium in doped SrTiO3 
powder with vacancies on B sites.  
 
It can be observed that the lattice parameter of doped SrTiO3 increases by increasing the doping 
content. An increase by 0.23% of the lattice parameters was observed when the doping level 
increased from 0 to 5 mol%. The variation of the lattice parameter can be attributed to the Nb5+ 
cation insertion on Ti4+ sites and to the presence of cations vacancies as Nb5+ have a radius slightly 
larger than Ti4+ (74.5 and 78 pm for a 6-coordinate ion, respectively) and the B-site cation vacancies 
at the centre of the octahedron would increase the repulsion between the oxygen anions of the 
close packed perovskite structure. This cation vacancy lattice expansion has previously been 
observed for doped SrTiO3 sample prepared in a reduced atmosphere [2]. Therefore the lattice 
parameters relate the influence of the niobium doping and consequently the B site vacancies on the 
lattice cell.  
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In conclusion, the synthesis conditions of niobium doped SrTiO3 were studied following the solid 
state route. We observed that a single phase material is obtained when using the B site cation 
vacancies mechanism when calcined in air. The good insertion of the niobium in the lattice was 
confirmed by observation of the increase of lattice parameters with doping levels.  
 
 
III-1.2. Niobium doped SrTiO3 in thin films 
 
Thin films deposition 
Thin films of niobium doped SrTiO3 were grown by PLD on LaAlO3 (001) and SrTiO3 (001) single 
crystal substrates (SurfaceNet, Germany) from the sintered ceramic targets previously prepared with 
the three Nb doping levels: 2, 3.5 and 5 mol%. To ensure film reproducibility, the deposition 
conditions were kept identical between each set of deposition. The substrates were cleaned and 
gradually heated up to 700°C inside the PLD chamber, as explained in chapter II. An oxygen burn-off 
step (1 Atm, 20 min) was then conducted to remove any residual organic materials on the surface of 
the substrate. The pressure of oxygen was set at 80 mTorr during the deposition to compensate the 
oxygen loss but despite this oxygen atmosphere, a large number of vacancies are still expected in 
the film [4]. A slow film growth was ensured by controlling the deposition rate to 0.4 Å.s-1, as it 
facilitates the surface rearrangement and enables the system to reach a thermodynamic equilibrium. 
For each film, the number of pulses was calculated in order to reach a total thickness of 60 nm. After 
the deposition, the system was cooled down to room temperature at 10°C.min-1 to facilitate the 
relaxation of the lattice and interfaces. 
 
Microstructure and strain of Nb:SrTiO3 films relative to substrate lattice misfit 
The microstructure and quality of the Nb doped SrTiO3 thin films prepared on LaAlO3 and SrTiO3 was 
investigated by low magnification bright field TEM measurement. In Figure III- 5, the images reveal 
clearly film thicknesses of 60 nm. A dense and flat film is obtained on SrTiO3 substrate (Figure III- 5 
b)) whereas the film on LaAlO3 seems to present a rougher surface and the regions with different 
contrast might suggest a columnar-like structure indicating that a different growth mechanism 
occurred on the two different substrates. As SrTiO3 substrate offers a better lattice match with the 
films, it can be supposed that the critical thickness, corresponding to the thickness of 
crystallographic coherence between the substrate and the film will be thicker than for the films 
prepared on LaAlO3. A typical Stranski-Krastanov growth mode is very likely to occur for both films 
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but a different critical thickness will be expected as the strain released mechanism will form 
differently between these two growth templates. Different lattice defects will appear and may have 
a consequence on the functional properties.  
 
Figure III- 5: Bright field images of cross sectional 3.5 mol% doped SrTiO3 thin film on LaAlO3 (a) and 
SrTiO3 (b). Sharp interfaces between the substrate and the films can be observed on the 60 nm films. 
Inset in image (b) shows the cubic structure diffraction pattern of the layer with substrate. 
 
The XRD analysis of the films (Figure III- 6 a) and b)) show sharp diffraction peaks belonging to the 
same family of planes (00l), indicating an epitaxial growth in the out-of-plane direction. The same 
epitaxial growth is observed regardless the substrate material and the dopant concentration.  
Unexpectedly, the films prepared on SrTiO3 substrate (Figure III- 6 b) and inset) reveal that the peaks 
of the Nb-doped SrTiO3 film do not overlap with the peaks of the substrate and are well separated. 
This indicates that despite a lattice mismatch as small as 0.2 %, the out-of-plane lattice parameter 
has expanded. The lattice parameters calculated in Table III- 1 present a comparison of the lattice 
constants of the 5 mol% doped SrTiO3 films on SrTiO3 and LaAlO3 substrates revealing that films 
deposited on LaAlO3 present an out-of-plane lattice parameter of 3.925 Å, smaller than the lattice 
parameter of the films deposited on SrTiO3 which is 3.944 Å. However, in both cases the lattice 
parameters are larger than those of the bulk references, which show an expansion of the lattice 
parameter in the out-of-plane direction suggesting a compressive strain in the in-plane axis if we 
assume a constant cell volume of the perovskite. This has also been observed for similar films on 
SrTiO3 substrates  [5].  
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When using LaAlO3 substrates, a shift of the (002) film peak towards lower 2q values was noted, 
(seen in Figure III- 6 c)) indicating an expansion in the c-direction when increasing the amount of Nb. 
The corresponding lattice parameters were calculated and are presented in Table III- 1. This 
expansion was attributed to the larger ionic radius of Nb5+ (64 pm) substituting for Ti4+ (60.5 pm) on 
the octahedrally coordinated B-site [6] and to the ionic repulsions around the cationic vacancies as 
discussed earlier for bulk Nb doped SrTiO3. 
 
 
Figure III- 6: XRD patterns of 5 mol% niobium doped SrTiO3 on LaAlO3 (001) (a) and SrTiO3 (001) (b) of 
60 nm thickness indicating epitaxial film growth in the (001) direction. The inset in (b) focused on the 
(002) peaks of SrTiO3 and Nb-doped SrTiO3 clarified by logarithmic scale. (c) Peak shift of the (002) 
diffracted plane with the niobium content on LaAlO3 substrate. 
 
The lattice parameters measured for the thin films are then compared with the lattice parameters of 
bulk material. For a bulk material, the insertion of niobium into SrTiO3 lattice increases the constant 
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values of the lattice. Lattice strain in the out-of-plane direction can therefore be calculated in the 
thin film by using the following equation:  
             Eq. III. 2 
where cthin film are the strained lattice parameter in the out-of-plane direction of the films and cbulk 
represents the lattice parameter previously calculated. 
The two parameters affecting the unit cell dimension are the insertion of niobium into SrTiO3 lattice 
and the growth template which imposes a lattice mismatch. The values of bulk Nb-SrTiO3 at different 
concentration and the lattice strains, calculated from Eq. III. 2, are presented in Table III- 1. By 
comparing  the case of 5 mol% Nb-doping, films on LaAlO3 substrate present a lower out-of-plane 
lattice strain (+0.29%) compared with films on SrTiO3 substrate (+0.77%). This strain difference is 
obtained for a film-to-substrate lattice mismatch of 3.29% for LaAlO3 compared with a lattice 
mismatch as small as 0.3% when SrTiO3 substrates were used. By comparing the out-of-plane lattice 
strain, and with  the knowledge that perovskites tends to keep their cubic-like cell volume, it is clear 
that the in-plane strain also varies between the two substrates. As the substrate provide this 
difference in lattice mismatch, it can therefore be assumed that the films will have a variation of 
their growth mechanism regarding defects, critical film thickness and island formation which all will 
have a resulting effect on the functionalities. This result confirms the previous observations made 
from the TEM measurement in Figure III-6. 
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Table III- 1: Calculated lattice parameters and lattice strain of Nb-doped SrTiO3 at various doping 
concentration for 60 nm thick films. Calculation were conducted from the position of the observed 
(002) and (004) XRD peaks and using the Nelson Riley formula to eliminate the systematic errors. 
 LaAlO3 SrTiO3 
Nb (2 mol%) 
SrTiO3 
Nb (3.5 mol%) 
SrTiO3 
Nb (5 mol%) 
SrTiO3 
Lattice parameters 
(bulk) 
3.789 Å 3.905 Å 3.9054 Å* 3.9074 Å* 3.9137 Å* 
c-axis on LaAlO3 
  
3.918 Å 3.925 Å 3.925 Å 
Lattice strain 0.32% +/-0.03% 0.45% +/-0.03% 0.29% +/-0.03% 
c-axis on SrTiO3 
  
- - 3.9440 Å 
Lattice strain - - 0.77 % +/-0.04% 
* lattice parameters calculated by Rietveld refinement on powders before sintering the PLD targets 
 
Additional in-plane strain was analysed by using reciprocal space mapping (RSM) around the 
scattering angles of the (220) diffracted planes of SrTiO3 and LaAlO3. This measurement technique 
consists in successive q-2q XRD scans around a diffracted peak by varying the y angle as explained 
more in details in Chapter II. In Figure III- 7 the measured intensity distribution is presented for films 
doped by 3.5 mol% of niobium on the LaAlO3 and SrTiO3 substrates, where the centre of the spot is 
inversely proportional to the lattice parameter. 
 
Figure III- 7: Reciprocal space mapping of 3.5 mol% niobium doped SrTiO3 on LaAlO3 (left) and SrTiO3 
(right) around (220) diffracted peak of the substrates. The red line is a guide line for a cubic structure. 
The inset in (b) represents the q-2q scan measured along the pink dotted line at y = 44.47°. 
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In Figure III- 7 a), the RSM map of the Nb-SrTiO3 film on LaAlO3 is presented. It can be observed that 
the spot coming from Nb-SrTiO3 signal is off-centred compare with the dotted red line which is a 
visual guide line for cubic structures position. This off-centring of the spot reveals that the perovskite 
film has lost its cubic symmetry towards a more distorted structure with a = b ≠ c. From the RSM a 
lattice constant of 3.900 Å was determined for the in-plane direction of the 3.5 mol% doped thin film 
on LaAlO3 substrate.  
In Figure III- 7 b), the RSM map of Nb-SrTiO3 film on SrTiO3 reveals a single spot corresponding to the 
signal of SrTiO3 substrate. The elongated shape of the spot typically arises from the asymmetric 
measurement so does not reveal the characteristics of the sample, but after closer inspection, a 
slight distortion of the oval shape can be observed. This distortion can be identified by the q-2q scan 
at y = 44.47° shown in the inset of Figure III- 7 b). This scan revealed the presence of an extra peak 
identified as the diffraction of (220) planes of Nb-SrTiO3 films. Like on LaAlO3 substrate, the off-
centering of the peak indicates a distortion of the film unit cell, but the low intensity of the signal 
and the proximity with the substrate peak do not allow any further identification. The observation of 
this lattice distortion indicates that the films are compressed in-plane and expanded out-of-plane. 
The low lattice mismatch between Nb (3.5 mol%) doped SrTiO3 and the SrTiO3 substrate enables the 
film lattice to accommodate easily to the template in a cube-on-cube growth and this slight 
compression would produce few interfacial defects as relaxation but an observed stretching in the 
out-of-plane direction. 
In contrast, due to the higher lattice mismatch for the same film grown on LaAlO3, a different growth 
mechanism is expected as the film will not accommodate easily on the substrate. Furthermore, 
when films are grown epitaxially on substrates with high lattice mismatch, interfacial defects which 
propagates throughout the film to release the strain energy are always present. As a result of 
different relaxation mechanisms, a smaller stretch in the out-of-plane direction will then be 
observed. And therefore a significant number of defects will be present in the film due to the 
relaxation of the elastic energy at the interface. 
In summary, the films on LaAlO3 display a signature of 3D propagating relaxation defects, while the 
films on SrTiO3 will have the signature of a film with a high ratio of coherent strain both originating 
from the interface lattice match. To understand clearly this interface dependency, further 
investigation such as high resolution microscope imaging with cross section chemical analysis would 
be necessary. 
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Electric conductivity of Nb doped SrTiO3 thin films 
The effect of the different strain relaxation mechanisms induced by the different growth templates 
on the conductive properties of the thin films was investigated over temperature. The total electric 
conductivity of the films was measured in air and is displayed between 300 to 800°C for LaAlO3 and 
SrTiO3 substrates (Figure III- 8). The reason for this temperature range was due to the limitation of 
the set-up. However, this will provide important information of the conductivity difference from a 
thermodynamic point of view where the difference in the charge mobility resulting from defects, 
different thermal carrier excitations, impurities, strain can be more easily addressed. The 
conductivity measurements were realised by Patrick Reinhard in ETH Zurich on a dedicated high 
temperature 4-probe measurement using Pt wire and electrodes and ceramic bonds for the 
electrode in a high temperature furnace, described by J. L. M. Rupp et al. [7]. 
In Figure III- 8 a) the conductivity measured for films with different concentrations of niobium and 
on both substrates are presented for the whole temperature range of 300 to 800°C, whereas in 
Figure III- 8 b) and c) are close ups of selective regions between 650 to 800°C for films on LaAlO3 and 
SrTiO3 substrates, respectively. It can be seen that the electric conductivity increases exponentially 
when increasing the temperature, which reveals the semiconducting nature of the material. This 
type of temperature dependency conduction mechanism in semiconductor like phases can be 
explained in terms of thermal carriers’ excitation. Moreover, in the figures it can be observed that 
the choice of substrate is the biggest difference between the evaluated films. Conductivity as high as 
1600 S.m-1 was obtained at 800°C on SrTiO3, which is 40% higher than the conductivity measured on 
the same film prepared on LaAlO3 substrate with a conductivity of 1140 S.m
-1.  
Unexpectedly, the Nb-doping variation between 2 to 5 mol% does not affect the magnitude of 
conductivity and remains within the error value of the experimental measurement estimated at 
1.8 %. Tomio et al. [8] reported conductivity of 660 S.m-1 at 770°C for PLD grown Nb doped SrTiO3 
films on compositionally identical substrates. However, their study cannot be accurately compared 
with ours as they were using niobium doping levels well over the solubility limit. They described how 
the increased amount of dopants changes the bandgap into an n-type conductor. This type of doping 
enables the structure to transform into a metallic type conductor. In other words, the temperature 
dependency of conductivity can be used to monitor the doping levels effect of this n-type 
semiconductor to metallic conduction regime. The doping effect on conductivity has also been 
studied in bulk, where an increase of the conductivity by a factor of two was observed by increasing 
the carrier concentration from 2 to 4 mol% [9]. 
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The most important result from this study is that the impact of the substrate is more dominant than 
the variation of doping up to 5 mol% Nb in the SrTiO3. Similar strain induced conductivity studies of 
thin films using different substrate orientation [10], or different substrate types [11, 12] suggested 
that the strain exerts a strong influence on the measured conductivity. For Nb doped SrTiO3, the 
strain would modify the distance between two neighbouring Ti atoms in the Ti-O-Ti bond angle 
across the octahedron, which would result in a change of the electron orbital overlapping of Ti 3d-
2tg. This overlap change is directly proportional to charge carrier migration and hence the 
conductivity. This property can also be related to the strain effect of the Seebeck coefficient for 
thermoelectric materials [6, 13] and would be most notable in films having a large strained film ratio.   
PLD grown films will produce different mechanisms to overcome these heavily strained regions. 
 
Figure III- 8: (a) Temperature dependence of the electrical conductivity of Nb doped SrTiO3 films for 
different niobium content and prepared on SrTiO3 (001) and LaAlO3 (001) substrates. Description of 
the conductivity between 660°C and 800°C at the different Nb content are displayed on LaAlO3 
substrate (b) and SrTiO3 substrate (c). The experimental error on the conductivity value is determined 
at 1.8 % in this region of temperature. 
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To estimate the conductivity thermodynamics, the activation energies of the total conductivity were 
extracted from the conductivity measurement using the Arrhenius formula:  
             Eq. III. 3 
where s is the conductivity, s0 a constant and Ea the activation energy of the conductivity. 
 
In Figure III- 9 it is possible to observe a clear difference of the thermodynamics of the conductivity 
between the two substrate choices when the activation energies of the total conductivity were 
calculated. Three conductivity regions were observed for the thin films prepared on SrTiO3, whereas 
the films prepared on LaAlO3 exhibit only two distinct regions. The main difference between the 
films on the two substrates occurs at temperature below 400°C. Conductivity transitions in this 
range of temperature were also observed by the group of J. Maier on Fe-doped SrTiO3 ceramics. The 
variation was attributed to trapped cation and slow kinetics of defects in doped oxides [14]. 
 
 
Figure III- 9: Arrhenius plot of electrical conductivity for 5 mol% Nb-doped SrTiO3 thin films deposited 
on LaAlO3 and SrTiO3 substrates. The straight red lines are the fitting for activation energy calculation 
and used as eye guides.  
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Through the Arrhenius diagram and the different temperature regions, the activation energies were 
fitted as specified in Table III- 2.  
Generally speaking, the activation energies measured are in the same range as those reported in the 
literature. Activation energies have been reported at high temperature on polycrystalline SrTiO3 
sample, with activation energies of 0.98 eV for temperatures between 800 to 1000°C [15], whereas a 
single crystal shows a value of 0.83 eV between 500 to 1000°C [16].  
 
Table III- 2: Activation energies of Nb doped SrTiO3 thin films deposited on LaAlO3 and SrTiO3 
substrates for different content of niobium and at different range of temperature 
 Activation energy for Nb-doped thin films 
 on LaAlO3 (eV) on SrTiO3 (eV) 
 300 to 555°C 600 to 800°C 300 to 400°C 415 to 555°C 600 to 800°C 
2 mol% 1.32 ± 0.12 0.68 ± 0.06 0.98 ± 0.12 1.38 ± 0.14 0.64 ± 0.06 
3.5 mol% 1.33 ± 0.11 0.68 ± 0.06 0.95 ± 0.09 1.47 ± 0.10 0.63 ± 0.06 
5 mol% 1.31 ± 0.10 0.72 ± 0.06 0.85 ± 0.10 1.63 ± 0.11 0.60 ± 0.06 
 
When LaAlO3 substrates were used, the activation energy of total conductivity in the temperature 
region of 300 to 555°C showed a constant value of 1.32 eV regardless niobium doping levels. On 
SrTiO3, where it is assumed that the strain effects will be more notable, the activation energy varies 
from 1.38 to 1.63 eV for doping levels of 2 to 5 mol%. In the high temperature region between 600 
and 800°C, the variation of activation energy for the total conductivity shows less variation between 
the doping level for both substrate choices. It was expected that thermodynamic variation of the n-
type semiconductivity brought by different levels of niobium doping would have increased the 
number of charges and therefore affected the ionic and electronic properties. But the small variation 
of activation energies between these doping levels may be explained by the freeze-out phenomenon 
on ionized donor species where dopants are trapped in deep energy levels and do not take part in 
the conductivity mechanism [14, 17, 18].  
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Conclusion 
In summary, we investigated one of the candidates for the conductive bottom electrode, Nb doped 
SrTiO3 and how films grow on different substrates and with different doping levels. 60 nm epitaxial 
films with different amounts of niobium doping were grown by PLD on LaAlO3 and SrTiO3 substrates. 
The crystallographic analysis comparing bulk and thin film XRD results confirmed the solubility of the 
niobium dopant into the lattice and further, these results enable strain evaluation between the two 
chosen substrates. It was concluded that the films grown of SrTiO3 produced a higher volume ratio of 
strained film, despite the smallest lattice mismatch. On the other hand, films grown on LaAlO3 
presenting a larger lattice mismatch will develop lattice relaxational defects at the interface and 
these propagate up through the film. When evaluating the conductivity of the differently doped 
films grown on the different substrates it was found that the degree of substitution did not strongly 
affect the variation of the conductivity and the calculated activation energy. However, a clear 
evidence that different conductivity dynamics occurred by using different substrates was clear and 
at high temperature regions between 600 to 800°C a conductivity increase of 40% was observed 
when the same film was grown on SrTiO3 compared with LaAlO3.  
The high temperature measurements were used as a tool for evaluating the strain effect of 
conductivity and estimate activation energies of total conductivity at regions where the conductivity 
of the films vary more than compared with room temperature. The result suggests that the strain, or 
rather the effect of lattice mismatch, will change the thermodynamics of the charge transport. 
However the conductivity of doped SrTiO3 thin films at room temperature is low and despite the fact 
that the films could offer a good growth template they do not satisfy the bottom electrode 
requirements. 
 
 
 
III-2. Strontium ruthenate 
 
Strontium ruthenate (SrRuO3) is the second conductive material investigated in this work to be used 
as conductive electrode. Due to the difficulty to sinter dense SrRuO3, a dense target was purchased 
from Testbourne Ltd which was prepared by a dry ceramic route and sintered by spark plasma 
sintering.  
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Different deposition parameters were studied to evaluate their influence on the conductivity 
properties. First the conductivity variation depending on the deposition temperature between 650 
and 750°C was investigated. Another important factor for the conductivity is the film thickness and 
films grown with various thicknesses on low conductive MgO substrate were investigated for this 
purpose. Finally supplementary textural and topographic studies of the films provided information of 
the progress of film growth for the PLD factors of choice and how the SrRuO3 would act as a growth 
template for the succeeding CoFe2O4 or BaTiO3 magneto-electric layers. 
 
 
III-2.1. Thin films deposition 
 
Thin films were prepared by PLD following the routine deposition procedure described in Chapter II 
and used in the previous part. During the deposition, the pressure in the chamber was controlled 
and regulated to 100 mTorr of oxygen. The substrate temperature was kept at 700°C during the 
deposition followed by 20 minutes of oxygen post-annealing [19]. As explained in Chapter II, an 
exposed step was introduced in a corner of the film to evaluate the film thickness. No electron 
microscopy study was performed; therefore the thickness was measured by the routine white light 
interferometer (cf Chapter II) and confirmed by profilometer measurements on key samples (details 
of the technique in Appendix).  
 
 
III-2.2. Influence of the deposition temperature 
 
A better understanding on the crystallization and conductive properties of a single layer of SrRuO3 
thin film was necessary before its use as conductive bottom layer in multilayered structures. Several 
studies have been performed on the effect of the deposition pressure on both the crystallographic 
and conductive properties of SrRuO3 revealing that low oxygen deposition pressure leads to 
amorphous and ruthenate deficient thin films [20]. Based on these reports, the oxygen pressure in 
the PLD chamber was kept at 100 mTorr where the effect of deposition temperature was studied in 
a representative region between 650 and 750°C.   
Thin films of SrRuO3 with a thickness of 25 nm were prepared by PLD on SrTiO3 single crystal 
substrate oriented (001). An epitaxial growth was obtained for each film deposited at three different 
deposition temperatures: 650, 700 and 750°C (an example of XRD scan is presented in the following 
sections, in Figure III- 12, for a different film of 60 nm in thickness). No extra peak was observed 
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from the scan background. This reveals the epitaxial growth of SrRuO3 in the out-of-plane direction 
of the film and confirms the results obtained in the literature. 
 
The electrical properties of the films were evaluated using the four point probe (4PP) technique 
(explained in more detail in Chapter II). The measurements were performed on the surface of the 
sample revealing the sheet resistance. Five measurements were conducted for each sample and an 
average of the results is plotted in Figure III- 10. The error on the measurement was estimated at 
2.5% of the sheet resistance value. 
 
Figure III- 10: Variation of the sheet resistance depending on the deposition temperature between 
650 and 750°C of 25 nm SrRuO3 thin films  
 
From the figure it is clear that the deposition temperature has a significant role in the sheet 
resistance. The sheet resistance decreases linearly by 16 W/sq when the deposition temperature was 
increased from 650 to 750°C, which corresponds to a variation as high as 30%. The film thickness 
was measured at 25 nm and is equal for all films regardless the deposition temperature within the 
error of measurement of ± 2 nm. Therefore the variation of the thickness is only a consequence of 
the deposition temperature. To be more comparable with the data found in the literature, the 
conductivity of the film can be extracted from the sheet resistance using the equation Eq. III. 4: 
              Eq. III. 4 
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 where s is the conductivity, t the thickness and Rsheet the sheet resistance of the sample. 
 
Table III- 3: Calculation of the conductivity of 25 nm SrRuO3 thin films deposited at temperatures 
between 650 and 750°C. 
Deposition temperature (°C) 650 700 750 
Conductivity (S.m-1) 8.566 x 10+5 1.06 x 10+6 1.29 x 10+6 
 
The conductivity values obtained are among the highest measured for SrRuO3 thin films. A value of 
8.8 x 10+4 S.m-1 (1130 mW.cm) were obtained for SrRuO3 polycrystalline ceramics [21] whereas in thin 
films values up to 3.5 x 10+5 S.m-1 (280 mW.cm) were reported for 10 to 20 nm films deposited at 
temperature of 775°C on LaAlO3 substrate [22]. A subtle variation of carrier density as a function of 
the deposition temperature has previously been studied for similar but thicker films described by the 
Hall mobility [23] and this indicates that the increase of the deposition temperature most probably 
increases the electron concentration in the film instead of affecting the carrier mobility. 
Despite encouraging conductivity values obtained by increasing the deposition temperature, related 
literature results showed that too high a temperature is not beneficial for SrRuO3 as it may change 
the ratio of Sr/Ru and alter the physical properties of the layer. Therefore, in the following part of 
the study, the deposition conditions were fixed at 700°C under 100 mTorr of oxygen but the film 
thickness was varied. 
 
 
III-2.3. Influence of the thickness 
 
Further analyses on the electronic property of SrRuO3 were based on the thickness influence of the 
conductivity. The thin films were prepared on (001) oriented MgO single crystals, in a range of 
thickness between 11 to 120 nm.  
The films were grown in the same conditions as previously described, epitaxial growth was achieved 
for each thickness showing highly crystalline thin films by XRD (presented further in Figure III- 12). 
The sheet resistance evaluation was performed by four-points probe and is plotted against the film 
thickness in Figure III- 11. The plot is fitted with a red line which can be used to follow the trend of 
the resistance values. The sheet resistance is presented in log scale for more clarity and therefore 
the error measurements, inferior to 2.5% of the measured value, cannot be observed. 
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Figure III- 11: Sheet resistance dependence on SrRuO3 films thickness deposited on oriented (001) 
MgO substrates. The measurement error was evaluated at 2.5% of the sheet resistance. 
 
It can be observed that the resistance of the films decreases strongly when increasing the film 
thickness. The sheet resistance of an 11 nm thin film was measured as high as 5.07 x 10+5 W/sq and 
dropped to 284 W/sq for 23 nm film and finally 43 W/sq for 120 nm films. Such a thickness 
correlation to resistivity has previously been reported on a 15 nm SrRuO3 film on a silicon substrate, 
with a resistance as high as 5500 mW.cm (equivalent to 3.3 x 10+3 W/sq) and was attributed to the 
presence of a secondary phase, strontium and silicon based accumulated at the interface [24]. In our 
work, no extra peak was observed on the XRD scan but we cannot excluded the possibility that a 
reaction between the substrate MgO and the SrRuO3 film has occured at the interface. Further study 
involving high resolution TEM would therefore be necessary to clarify this point. Other studies of the 
resistivity of SrRuO3 in ultrathin films (down to 3 nm) have shown very low resistivity [25]. However, 
these encouraging low resistivity results were obtained by preparing the growth template in a 
manner to both flatten and control the surface termination in-situ prior to the deposition using both 
complicated thermal and chemical pre-treatment. The results were described by a reduction of the 
deadlayer in the film structure. 
In this study it can be seen that the sheet resistance measurements exhibit a slightly higher 
resistance in films on MgO substrate when compared with SrTiO3 for an equivalent thickness. This 
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observation could be due to either the strain difference on the films lattices imposed by the 
substrate or by the above mentioned interfacial chemistry.  
It is clear from this study that the bottom electrode should possess a significant thickness to avoid 
any undesired interface effect and to conserve the SrRuO3 conductive properties. Moreover, as 
SrRuO3 will be sandwiched between the substrate and a magneto-electric layer, an additional 
interface effect occurs. It has been reported that both surface roughness and surface islands play an 
important role on charge carrier mobility and electron scattering. Therefore the surface roughness 
together with the film growth mechanism on different templates is another important factor to 
control.  
A layer of 60 nm was therefore chosen as this will be the most suitable thickness of SrRuO3 as a 
bottom electrode. More understanding on this thickness and crystallographic and topographic 
property are described in the following section. 
 
 
III-2.4. Structural study of SrRuO3 thin film on SrTiO3 
 
Crystallographic study 
As previous studies concluded that a 60 nm SrRuO3 showed promising properties for a bottom 
electrode, a deeper understanding of crystallinity and film growth was studied before incorporating 
it into multilayer structure. SrRuO3 film on (001) SrTiO3, the reference substrate used throughout this 
project, is investigated. 
A close-up on the q-2q XRD scan performed on the film (from 2q = 15 to 60°) is presented in Figure 
III- 12 where two peaks at 2q = 22° and 46° are clearly observed in addition to the substrate peak. 
Bulk SrRuO3 at room temperature exhibits a distorted orthorhombic crystal structure with lattice 
parameters equal to a = 5.5670 Å, b = 5.5304 Å and c = 7.8446 Å (98-002-4975 ICSD X-ray database). 
The unit cell symmetry can also be described as a pseudocubic perovskite structure with lattice 
parameter of 3.933 Å, where the RuO6 octahedron is tilted from the ideal cubic structure as shown 
in Figure I-  14 of Chapter I [26].  
In the orthorhombic symmetry, the peaks observed on the XRD scan at 2q = 22° are attributed to the 
diffraction of (101) and/or (020) planes. These lattice planes are equivalent to the (001) plane in the 
pseudocubic symmetry. In the other part of this work the pseudocubic structure notation is used for 
simplicity. As a note, in the full XRD scan range (not shown here), the corresponding (003) and (004) 
peaks were also observed at angles of 2q = 71.30° and 101.97°, respectively. 
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Figure III- 12: q-2q scan of a 60 nm SrRuO3 thin film deposited on (001) SrTiO3 substrate at 700°C. 
The pattern reveals the epitaxial growth of SrRuO3 in the (001) direction. 
 
The lattice parameter in the out-of-plane direction was evaluated using the peak position and 
corrected by using the Nelson-Riley formula. The lattice constant is equal to c = 3.9663 (8) Å, 
showing an out-of-plane expansion of the lattice as previously reported for films grown by MOCVD 
[19] and ion-beam sputtering [27]. 
An expansion of the c axis is usually strongly influenced by the in-plane strain for perovskite films, as 
discussed in the previous part of this chapter for the niobium doped SrTiO3 thin films. Reciprocal 
space mapping (RSM) analysis to estimate the lattice strain were therefore performed around the 
(110) peaks of the substrate and the SrRuO3 film seen in Figure III- 13 a). In the figure, the main 
visible spot corresponds to the substrate SrTiO3 peak whereas a second spot, less defined is present 
next to it. The intensity of the RSM presented was converted to logarithmic scale in order to 
enhance the presence of the SrRuO3 peak.  
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Figure III- 13: Evaluation of in-plane growth by reciprocal space mapping (RSM) (a) and j-scan 
measurement (b) around the (110) diffraction peaks of SrTiO3 substrate and SrRuO3 60 nm film.  
 
The calculation from the centre of SrRuO3 spot indicates a lattice parameter in-plane of 3.905 (5) Å, 
and out-of-plane of 3.972 (5) Å, which corresponds well to the previous out-of-plane value 
calculated as 3.9663 (8) Å, within the measurement error. 
The large error on the lattice parameters calculated from RSM originates from the intrinsic character 
of this asymmetric measurement showing a wide spread of the diffracted spot and on the difficulty 
of determining the centre of the diffracted spot. In this particular situation, the proximity of the 
spots increases the error on the values. 
However, despite the experimental error, the in-plane lattice parameter reveals a compression of 
the lattice at the interface compared with the bulk SrRuO3 (3.933 Å - if pseudo cubic structure is 
considered). The obtained a and b lattice parameters are therefore equal to the lattice parameters 
of SrTiO3 substrate.  
This result suggests that there is a good interface coherence and more importantly it is expected 
that less interfacial structural defects will be present, as they will reduce the conductivity as 
described above. The lattice cell volume was calculated, assuming that a and b lattice parameters 
are equal and that perovskites preserve their cell volume due to their closed packed structure. The 
estimated value indicates a cell volume of 60.84 Å3 compared with the reference bulk volume of 
60.57 Å3. This comparable result validates the expected volume conservation and the correctness of 
the lattice parameters.  
Furthermore, rotating phi-scan measurements performed on the same peaks as the RSM also 
support the suggested cube-on-cube growth of SrRuO3 on SrTiO3 as seen in Figure III- 13 b) where a 
good alignment of the substrate and film peaks can be observed.  
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Electric and magnetic observation 
SrRuO3 possesses magnetic properties at low temperature as it undergoes a magnetic phase 
transition. This magnetic state of SrRuO3 films is important to determine as the multilayer structures 
studied in this thesis will include a magnetic layer.   
The magnetic moment was measured by heating up the sample from 10 to 300 K at a rate of 2 and 
5 K.min-1 under a permanent magnetic field of 0.5 Tesla. The magnetic response over temperature is 
plotted in Figure III- 14 a). In Figure III- 14, it can be seen how the magnetic moment decreases 
slowly between 10 and 125 K and then sharply to a nil value when going through the magnetic 
transition determined to be 155 K.  
 
Figure III- 14: Temperature dependency of magnetic momentum (a) and resistivity (b) of a 60 nm 
SrRuO3 film on (001) SrTiO3 substrate. The plot in (a) is by heating and the two plots in (b) 
corresponds to heating (green) and cooling (red). 
 
As a comparison the sheet resistance was also measured over temperature between 90 and 300 K 
using the van der Pauw technique (see Chapter II for details on the technique). The measurement 
was done both by cooling down the sample to 90 K and then heating up the sample up to 300 K at a 
rate of 1 to 1.5 K.min-1. Both resistance curves are plotted in Figure III- 14 b). In the diagram a linear 
decrease of the sheet resistance is observed when decreasing the temperature. A kink in the 
resistance slope occurs at 139 ± 3 K when the sample is cooled down and at 159 ± 5 K when heating. 
When comparing the two types of heating curves the magnetic phase transition temperature, TC, can 
be estimated at 159 K as this confirms that the change in conductivity mode is affected by the 
change of magnetic state. The TC value obtained here agrees with literature (as detailed in Chapter I) 
[19, 28]. The observed change in conductive behaviour can be described by the spin scattering of 
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electrons which is reinforced below TC due to the itinerant magnetisation of SrRuO3 and the 
corresponding spin coupling. This temperature transition between the ferromagnetic and 
paramagnetic state and how it is related to the conductivity around Tc was also confirmed by L. Klein 
et al. [29, 30]. 
 
Topographic analysis for multilayers 
As described earlier, it has been found that there is a direct link between the conductivity and the 
surface morphology of conductive layers: a topographic analysis of the surface of the 60 nm SrRuO3 
film was evaluated. This analysis is also important as the SrRuO3 film will become the growth 
template of the subsequent multilayers. The measurement was obtained by atomic force 
microscopy (AFM) on samples that had been thoroughly ultrasonically cleaned in a bath of acetone 
and then deionised water. In Figure III- 15, an AFM image obtained by probing in contact mode can 
be seen. The aligned terraces and steps observed as micron wide regular bands, originate from the 
miscut of the SrTiO3 substrate, rather than from the film. The sample presents a low average surface 
roughness with a Rms = 1.3 nm and a maximal height of 15 nm. Among the surfaces tested, no grains 
originating from plume splashing or a distinct island growth were observed. This observation is in 
agreement with the above mentioned XRD measurements showing a good coherence of the film on 
the substrate, supporting the suggestion of a long range of layer-by-layer growth of the SrRuO3 using 
these film growth parameters.  
 
Rms = 1.3 nm
14.69
0.00
 
Figure III- 15: Atomic force microscopy (AFM) on the surface of a 60 nm thick SrRuO3 film grown 
epitaxially by PLD on a SrTiO3 single crystal substrate oriented (001). 
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In conclusion, the conductivity of SrRuO3 films was evaluated against deposition temperature and 
film thickness. Whereas deposition temperature did not vary the conductivity that much, drastic 
variations of several orders of magnitude were obtained for different film thicknesses. SrRuO3 thin 
films revealed good conductive behaviour with sheet resistance values of tens of ohm per square, 
which makes a very good candidate for bottom electrode application. It has been observed that the 
substrate type has an influence on the conductivity values but always within a small range and 
within the same order of magnitude. Good crystallographic properties and epitaxial orientation in-
plane and out-of-plane were observed which further support SrRuO3 as a good bottom electrode 
used in this thesis when keeping the epitaxy in the following multilayers. Films of 60 nm, adequate 
electrode thickness, were possible to grow with a low surface roughness with the preferential PLD 
parameters obtained. Therefore, from a structural point of view, these epitaxial SrRuO3 films are 
very good candidates for being both a conductive layer and a growth template for the following 
multilayers. However, SrRuO3 shows a magnetic phase transition from paramagnetic to 
ferromagnetic at 150 K, which needs to be taken into account when evaluating the magnetoelectric 
coupling at low temperatures. 
 
 
 
Conclusion of Chapter III 
 
Two potential perovskite bottom electrode materials, Nb doped SrTiO3 and SrRuO3, which both 
provide a perfect growth template for CoFe2O4 and BaTiO3 multilayers were investigated. From the 
various analyses, it was concluded that the SrRuO3 presents many advantages such as excellent 
conductive qualities at room temperature and satisfactory crystallographic properties to be used as 
growth template even though a small conductivity variance of the deposition temperature was 
recorded. However, the thickness was found to have a stronger influence on the conductive 
properties than the deposition temperature. Films on a (001) MgO substrate of 11 nm thick were 
resistive whereas films higher than 20 nm presented compatible conductive property. To limit 
interfaces effect, which will be the case when integrated into a multilayered structure, 60 nm was 
chosen as the best electrode thickness. When grown on SrTiO3 substrate, an extension of the lattice 
parameter in the out-of-plane direction was observed associated with a compressive in-plane strain.  
The other oxide, niobium doped SrTiO3, showed low conductivity at room temperature but increases 
exponentially after 400°C when heating. Therefore it was concluded that although it may not be best 
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choice for these multilayer structures working at room temperature or below, niobium doped SrTiO3 
may be more suitable for high temperature applications such as solid oxide fuel cells use.  
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Introduction 
The understanding of each individual material property which is part of a composite nanostructure is 
a prerequisite for achieving the highest quality of the final material. In systems such as 
magnetoelectric (ME) materials, there are two parameters driving the functional properties: the 
individual property of each material and their behaviour when coupled via an interface. High 
crystallinity and a good knowledge of the crystallographic arrangement are crucial to understand 
their functionality. Secondly, as the ME coupling occurs at the interface, it is a challenge to control 
the quality of the surface and prepare sharp interfaces of good quality. M. Bichurin et al. have 
theoretically described the limiting factor played by the interface for the ME coupling [1], where the 
coupling is directional and proportional to the interface quality. To control the interface and the 
expected elastic interaction a perfect control of the microstructure and of the related properties is 
necessary. 
Cobalt ferrite and barium titanate are suitable candidates for achieving a high ME coupling because 
these two oxides combine promising crystallographic compatibility and have high magneto- and 
electrostrictive properties. In this chapter, cobalt ferrite and barium titanate as individual single thin 
films are prepared and analyzed for optimization of their respective growth parameters. First, the 
crystallographic and magnetic influence of cobalt ferrite layer was investigated on substrates such as 
SrTiO3, BaTiO3, LaAlO3 and MgO. Strontium titanate substrates were then selected and a thorough 
evaluation of the film strain related to the magnetic property determined. In the second part, 
properties of barium titanate thin films were investigated with different deposition conditions such 
as the substrate temperature and deposition pressure. The crystal structure and surface quality of 
the thin films were carefully analyzed and the functional properties were evaluated to optimise the 
best interface. 
 
IV-1. Cobalt ferrite nanostructures 
 
Several previous reports of CoFe2O4 nanostructures prepared by methods such as pulsed laser 
deposition (PLD)  [2, 3], laser molecular beam epitaxy [4] and sol gel [5] have described the influence 
of the template growth on the magnetic properties. The strain/stress effects on the CoFe2O4 lattice 
have also been reported using substrates such as SrTiO3 [3, 6] and MgAl2O4 [7] for their compressive 
strain and MgO [6, 8] for its tensile strain. Also, both substrate choice and film thickness will affect 
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the magnetic anisotropy as CoFe2O4 exhibits high magnetocrystalline anisotropy [4, 8]. However, 
thin film deposition techniques are complex and may lack repeatability from one system setup to 
another. This results in difficulty comparing results from different sources and laboratories. A 
thorough work describing the influence of the substrates is also lacking in the literature. We propose 
here a comparison of crystallographic and magnetic properties of CoFe2O4 thin films on four 
different substrates: SrTiO3, LaAlO3, BaTiO3 and MgO. Using SrTiO3 as a growth template the 
influence of the film thickness was taken further. Furthermore, the CoFe2O4-substrate interface was 
analysed in detail to understand the correlation between film growth and magnetism. 
 
IV-1.1. Deposition conditions 
 
The deposition conditions of CoFe2O4 thin films were previously established in the group utilising the 
same PLD chamber by Axelsson et al. [3]. A complete study of the deposition conditions of the spinel 
structure onto SrTiO3 substrates produced highly crystalline films with magnetic properties close to 
bulk values using a deposition temperature of 550°C and an oxygen pressure of 150 mTorr. At this 
temperature the surface of the substrate gives enough energy to the adatoms to form crystalline 
layers. And despite the oxygen pressure during the deposition, a 1 hour post annealing step at the 
deposition temperature and under 1 atmosphere (760 Torr) was used to assure maximum refilling of 
the oxygen vacancies. However successful post annealing is only possible for films below 20 nm, 
therefore in this thesis intermediate post annealing was performed for thicker films.  
 
IV-1.2. Influence of the substrate 
 
The inflence of substrate on the properties of CoFe2O4 films are studied in this part. Four different 
substrates were chosen: SrTiO3, LaAlO3, BaTiO3 and MgO. The choice was made among common 
oxide materials and was based on the crystallographic structure and lattice matching between the 
substrate and CoFe2O4. Chemical stability, compatibility and thermal expansion are also important 
parameters to be taken into consideration as the deposition occurs at elevated temperatures, as 
explained in Chapter II. The films were prepared by PLD with thicknesses varying from 13 to 100 nm. 
The thickness was measured by white light interferometer technique as described in Chapter II and 
then further confirmed by transmission electron microscopy. Before studying the magnetic 
properties of the thin films, both crystallographic and topographic investigation was carried out. 
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Figure IV- 1: (a) q-2q X-ray diffraction scan of 100 nm thick CoFe2O4 thin on SrTiO3, BaTiO3, LaAlO3 
and MgO (001) oriented substrates. (b) Selected area electron diffraction pattern showing the 
epitaxy of a 25 nm thin film prepared on SrTiO3 substrate - Image obtained with the courtesy of Dr. 
Liam Spillane [9]. 
 
In Figure IV- 1 a) the q-2q XRD patterns of 100 nm thin films of CoFe2O4 on SrTiO3, BaTiO3, LaAlO3 and 
MgO substrates can be seen. The diffraction peaks at 43° and 94.5° corresponds to the diffraction of 
the (004) and (008) planes of CoFe2O4, respectively. No other CoFe2O4 peaks or extra phases were 
detected for the scans on SrTiO3, BaTiO3 and MgO substrates revealing an epitaxial growth. However 
on LaAlO3 substrate, a small extra peak corresponding to the diffraction of the (511) CoFe2O4 planes 
was noted. This extra peak was observed at all studied thicknesses of CoFe2O4. The epitaxy was 
further confirmed by selected area diffraction pattern (SAED) and presented in Figure IV- 1 b) for a 
25 nm thin film on SrTiO3 [9]. These results are in good agreement with other authors proving the 
epitaxial growth of CoFe2O4 on SrTiO3 [6, 10, 11], on MgO [6, 8] and on BaTiO3 [12]. In this study, we 
found that it was not possible to grow fully epitaxial CoFe2O4 on LaAlO3 substrates. One reason may 
be the high lattice mismatch of -10.7 % being more favourable for another plane. Another possible 
reason is that LaAlO3 is known for its pseudo-cubic structure creating parquet-like surface which 
results in highly stressed interface. This suggests that a large amount of strain energy accumulates at 
the interface and is probably released through different relaxation mechanisms. The different strain 
relaxations will be described in more detail in the following parts. 
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Figure IV- 2: (a) Phi-scan of (404) plane of the CoFe2O4 film and (202) plane of the corresponding 
substrate. (b) Schematic illustration of the lattice arrangement of the spinel CoFe2O4 on a perovskite 
substrate. 
 
The q-2q scans are an out-of-plane direction study and give only information on the planes parallel 
to the surface. Rotational phi scans can provide information of the in-plane epitaxy and the degree 
of cubic structure preservation. X-rays were diffracted by the (202) and (404) inclined planes for the 
substrate and for CoFe2O4 at a w angle of 45°, respectively. In Figure IV- 2 a), an example of one of 
the phi-scan is presented. Good reproducibility of this result was observed for all four substrates. 
The four peaks are corresponding to the typical fourfold axis symmetry and the peak of the 
substrate is in perfect alignment with the films peak revealing that SrTiO3 and CoFe2O4 planes are 
parallel to each other. Also, it can be observed that each peak is separated by a 90° angle supporting 
the fact that the alignment of the substrate lattice with the CoFe2O4 lattice matches. This means that 
the corners and edges of the substrate lattice are matching with the spinel symmetry as illustrated in 
Figure IV- 2 b). This particular case is referred to as an in-plane epitaxy. These measurements 
indicate a good control of the crystallographic properties in the out-of-plane and in-plane direction. 
Topographic analyses of the films were made by AFM. The images of 13 and 100 nm thin films 
prepared on the four different substrates are presented in Figure IV- 3 and the Rms evaluation 
representing the average surface roughness is in Figure IV- 4. 
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Figure IV- 3: AFM images of 13 and 100 nm CoFe2O4 thin films on SrTiO3, BaTiO3, LaAlO3 and MgO 
single crystal substrates. The Rms for each surface is presented in Figure IV- 4. 
 
The images were selected to represent most accurately the surface of the films. Few large particles 
are observed, which are attributed to the typical agglomerates originating from the plasma plume. 
Apart from these aggregates, the samples present a homogeneous surface with regular shapes 
issued from the Stranski-Krastanov growth mode (described in Chapter II). This growth mode is also 
confirmed by comparing the evolution of the islands in increasing the thickness (Figure IV- 4). 
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Figure IV- 4: Evolution of the Rms and the islands size as a function of the thickness and substrate 
choice. The values were measured from the AFM scans. 
 
It can be observed that the roughness and the particle size increase with increasing thickness 
regardless the substrate type. This is typical behaviour for the island growth mode as the features 
are accentuated with the film thickness. However, one can notice that there is no correlation 
between the particle size and the roughness (Rms). For thin films of 13 nm, the surface 
characteristics are similar regardless the substrate as for example the particle size varies between 20 
and 25 nm in diameter. A bigger difference is obtained for films of 100 nm and it can be observed 
that particle size is correlated with the lattice mismatch between the CoFe2O4 unit cell and the 
substrates. The larger the mismatch is, the bigger the islands are. This behaviour is consistent with 
the Stranski-Krastanov growth mode as the formation of the first islands is dependent on the critical 
thickness and therefore on the lattice mismatch between the film and the substrate. 
On the other hand, the roughness of the films does not seem to be only related to the lattice 
mismatch as the roughness of films on BaTiO3 and MgO is smaller than on LaAlO3 and SrTiO3 
substrates. But the roughness increases with the thickness with the same gradient for films on MgO 
and BaTiO3 and for films on SrTiO3 and LaAlO3. 
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To conclude the AFM study showed evidence that the Stranski-Krastanov growth mechanism occurs 
for films on each substrate. Also a different variety of films relaxing defects are most likely to occur 
and different critical thicknesses are expected between the substrates, which most likely will be 
reflected in the evaluated magnetism of the films. 
 
IV-1.3. Magnetic properties 
 
Magnetic measurements were performed on a SQUID magnetometer to investigate the influence of 
the four substrate choices. More details on the technique can be found in Chapter II. The 13 nm thin 
films were chosen due to higher influence of the template and interfacial strain present suggesting 
that the role of the substrate will be more easily identified. Furthermore, a thin film of 13 nm is 
expected to present almost no oxygen vacancies due to the more complete post annealing 
treatment [3]. Figure IV- 5 presents the magnetic response of the films measured perpendicular to 
the applied magnetic field, in order to align the magnetic moments in the out-of-plane direction. The 
magnetic measurements reveal that despite exactly the same growth conditions for each individual 
film, they behave differently depending on the substrate type. Magnetic characteristics of the 
hysteresis loop are summarized in Table IV- 1. Films prepared on SrTiO3 substrate present the 
strongest saturated magnetic moment (Ms), which is close in value to bulk CoFe2O4 of 80 emu.g
-1. 
Ms decreases for LaAlO3, and for BaTiO3 and MgO presenting the lowest Ms value. It is interesting to 
note that Ms values do not decrease proportionally with the film/substrate lattice mismatch. One 
can suppose that the strain and defects around the interface play a major role in the magnetisation 
as it will vary the distances between the atoms and then increase or decrease the overlapping of the 
orbitals in the magnetic superexchange interaction. But by comparing the strain variation with Ms 
values, the strain by itself cannot explain the drop of magnetisation measured on different 
substrates.  
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Figure IV- 5: Magnetic moment versus applied magnetic field of 13 nm thick films of CoFe2O4 
prepared on SrTiO3 (open circles), BaTiO3 (filled triangles), LaAlO3 (filled square) and MgO (open 
triangle) measured with the field applied in the perpendicular direction of the surface of the samples. 
The measurement was performed at room temperature using a SQUID magnetometer. 
 
The other characteristics presented in Table IV- 1 also demonstrate a peculiar behaviour of the films. 
It can be observed that the films deposited on SrTiO3 exhibit the best magnetic properties. Then 
LaAlO3 and then BaTiO3 and MgO which have only slight variation apart from the high coercive field 
of BaTiO3, close to that of SrTiO3. Only 15% or less of the saturated magnetisation is obtained when 
switching off the magnetic field indicating low storing memory of the magnetic moments. 
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Table IV- 1: Characteristics magnetic values extracted from the magnetic measurements with the 
magnetic field perpendicular to the sample surface. Saturated, remnant magnetisation, coercive field 
and Mr/Ms are presented for each growth template. 
 
Saturated 
magnetisation (MS) 
(emu.g-1) 
Remnant 
magnetisation (Mr) 
(emu.g-1) 
Mr/Ms 
Coercive      
field (Hc)  
(Oe) 
On SrTiO3 76 11.5 0.15 200 
On LaAlO3 57 4.4 0.07 111 
On BaTiO3 44 5.0 0.11 198 
On MgO 39 4.4 0.11 141 
 
 
Since magnetic moment interactions are related to magnetic domains, magnetic force microscopy 
(MFM) analyses of the domains presence and shape were performed on the surface of the samples 
mentioned above. The results are presented in Figure IV- 6. Similar cluster-like domains were 
observed for the thin films on SrTiO3 and BaTiO3 substrates. This may reflect a similar coercive field 
observed by the SQUID measurements. However, there was a slight decrease in the domain size 
from an average size of 250 to 100 nm for the films on SrTiO3 and BaTiO3 substrates, respectively. 
Also the phase amplitude (seen as phase contrast variation) of the domains is twice as large for films 
on SrTiO3 than on BaTiO3 substrates, which can be explained by the difference in saturated 
magnetisation. Despite using high magnetic moment probes (>3 x 10-13 emu), no magnetic domains 
could be observed on the films on LaAlO3 and MgO revealing a weak short range magnetic 
interaction between the oriented spins for films on those substrates. The contrast variation of films 
on MgO and LaAlO3 is only due to the topography features of the surface. This result is unexpected 
and no sensible hypothesis can be formulated from these observations. Further studies involving 
MFM measurements for higher thicknesses and different growth templates are therefore suggested. 
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Figure IV- 6: Magnetic force microscopy (MFM) images obtained at room temperature on the 13 nm 
thick films of CoFe2O4 on SrTiO3, BaTiO3, LaAlO3 and MgO substrates. The magnetic measurements 
were performed after perpendicular magnetic investigation of the thin films. 
 
In conclusion, MFM was used for a selection of 13 nm films on different substrates. The correlation 
between domains formation and rotation and magnetic properties was highlighted. Among the four 
samples, only those on SrTiO3 and BaTiO3 exhibit clear domains above 100 nm. However, it proved 
to be a challenge to obtain good domain images and further studies using different thicknesses and 
magnetic probes are recommended.    
 
IV-1.4. Elastic interaction by thermal phase transition 
 
As we intend to study the incorporation of BaTiO3 as the counterpart in the ME composite, 
additional studies were taken on CoFe2O4 films on BaTiO3 substrates. As BaTiO3 undergoes two 
crystallographic phase transitions when decreasing the temperature from room temperature, it was 
expected to see a magnetic response in the CoFe2O4 film if magnetostrictive properties are retained 
in the thin films. In Figure IV- 7, the magnetic moment variation over temperature for a 150 nm 
CoFe2O4 film on BaTiO3 substrate using a 0.2 Tesla magnetic field is shown. A heating and cooling 
cycle between 130 K and room temperature is performed to clarify the thermal hysteresis.  
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Figure IV- 7: Variation of the magnetic moment as a function of the temperature under an external 
magnetic field of 0.2 T applied perpendicular to a 150 nm thick CoFe2O4 film on BaTiO3 substrate. The 
sample was heated from 130 to 300 K and then cooled down to 185 K (shown by arrows). 
 
As a general trend, the magnetisation decreases when increasing the temperature as the thermal 
energy slowly overcomes the magnetic ordering. However sudden variations of the magnetic 
moment are observed during the heating and cooling processes. The magnetic moment sharply 
increases at 196.5 ± 0.2 K and then drops at 288.7 ± 0.2 K during the heating part. The same trend is 
observed in cooling the sample down but a shift in the phase transition temperatures is observed as 
the magnetisations present a sharp variation at 285.2 ± 0.2 K and 189.8 ± 0.2 K during the cooling. 
These temperatures correspond to the crystallographic phase transition temperatures of BaTiO3 
from its tetragonal to orthorhombic structure (at 277 K) [13] and from orthorhombic to 
rhombohedral (at 192 K) [13]. Also the magnitude of the variation drastically differs between the 
cooling and the heating process as the magnetisation varies by 11 % and 38 % around 193 K and by 
3.8 % and 15.5 % around 287 K.  
This behaviour can be explained by the rearrangement of BaTiO3 lattice at the phase transitions [12]. 
It is important at this point to recall that the BaTiO3 substrate at room temperature presents in the 
majority the (h00) and (00l) mixed orientations due to the polar ferroelectric domains. Therefore, at 
lower temperature in the orthorhombic phase, one can expect simultaneously the (h00), (0k0) and 
(00l) orientations in the out-of-plane direction of the substrate. By taking the example of the 
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orthorhombic crystallographic phase, the unit cell represents a parallelepiped with three unequal 
faces (ab, bc and ac faces). Therefore CoFe2O4 will be arbitrarily in contact with one of the three 
faces and each of them will enhance a different strain. As CoFe2O4 can be described magnetically as 
driven by superexchange through the p orbitals of oxygen, a slight change of the strain will therefore 
have a direct impact on the bond angles and therefore on the overlap of the orbitals. This last 
parameter is critical for the magnetic properties and the volume of orbitals overlapping influences 
the magnetic strength of the material. This explanation can be applied to each crystallographic 
phase. Therefore each time BaTiO3 goes through a phase transition, it rearranges and orientates its 
domains following other direction and different faces will be at the interface elastically coupled with 
CoFe2O4. The magnetic properties will then be affected differently for each new transition if and only 
if there is an elastic ME interaction and if CoFe2O4 is magnetostrictive.  
Phase transitions in BaTiO3 are characterised by changes of lattice parameters (a, b and c) and unit 
cell angles (a, b, g) changing the volume of the pseudo unit cell (Figure IV- 8 (b)). The temperature 
dependence of MS, MR and HC magnetic values extracted from M-H hysteresis loops are presented in 
Figure IV- 8 a). It can be observed that the phase transitions of BaTiO3 affect simultaneously the 
saturated magnetisation (Ms), the remnant magnetisation (Mr) and the coercive field (Hc). However, 
the magnitude is different in each case and Mr is the most affected.  
At each crystallographic phase transition, the lattice transformation affects the magnetic layer via 
interfacial elastic strain and consequently strain and distortion of the magnetic thin film lattices are 
expected. For example the rhombohedral structure, in which the unit cell angles are not equal to 
90°, will impose to CoFe2O4 an asymmetric lattice strain affecting the magnetic dipole orientations 
and more particularly in the in-plane direction. This is in accordance with a similar study showing a 
strong dependence of Mr with the in-plane lattice strain of the film [14]. 
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Figure IV- 8: (a) Temperature dependence of the saturated magnetisation-MS (circles), remnant 
magnetisation-MR (triangles) and coercive field-HC (squares). The measurements were taken from 
150 to 300 K on a 150 nm CoFe2O4 thin film deposited on BaTiO3 substrate. (b) Cube root of the 
pseudo cell volume of BaTiO3 as a function of the temperature. Adaptation from ref [15]. 
 
A correlation can be drawn between the variation of the magnetic moments and coercive field with 
the variation of the pseudo cell volume (Figure IV- 8 a) and b)). An increase in cell volume decreases 
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the magnetic properties whereas a contraction of the unit cell is followed by an increase. However 
these last observations are not verified for the saturated magnetisation value obtained during the 
phase transition between orthorhombic and tetragonal structures. 
The influence of film thickness variation was investigated by comparing the previous measurements 
of a 150 nm film with a 60 nm CoFe2O4 film, prepared by identical conditions. The results, 
summarized in Table IV- 2, indicate that the characteristic values (MS, MR and HC) of the M-H 
hystereses diminished with decreasing thickness of CoFe2O4 film. This observation means that the 
phase transitions of BaTiO3 influence the whole CoFe2O4 film and not only the first lattice units at the 
interface as the ratio of strained/total volume is higher in a thinner film. The magnetic properties of 
CoFe2O4 are greatly influenced by the overlapping of the orbitals and therefore by any stress 
variation in the lattice. This observation is therefore a proof that the stress imposed by the phase 
transitions undergoes in the whole film structure and not only in the first nanometres. 
 
Table IV- 2: Variation in percentage of the saturated (MS), remnant (MR) magnetisation and coercive 
field (HC) of a 150 nm and 60 nm epitaxial CoFe2O4 thin films on BaTiO3 substrate at the BaTiO3 
crystallographic phase transition. 
thickness 
Variation of MS Variation of MR Variation of HC 
196/197 K 288/289 K 196/197 K 288/289 K 196/197 K 288/289 K 
150 nm -12 ± 1% -2 ± 1 % - 48 ± 1 % +13.5 ± 1.0 % -6.2 ± 1.0 % +30.5 ± 1.0 % 
60 nm -6.8 ± 1.5 % * -13.7 ± 1.5% +12.5 ± 1.5 % * +12.3 ± 1.5 % 
* values cannot be determined due to the large error on the step 
 
The magnetic behaviour of CoFe2O4 thin film on BaTiO3 substrates is very interesting as the magnetic 
response of the film is strongly dependant on the crystal morphology of the substrate. It is also 
interesting to note that the magnetic change is more pronounced when the film is thicker suggesting 
that the strain propagates along long range distances. 
In conclusion, an interfacial coupling between BaTiO3 substrate and CoFe2O4 thin film was observed. 
This shows that a strong interaction happens at the interface of the substrate and the thin film. This 
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is an important result showing that it is indeed possible to obtain an ME coupling via elastic 
interaction between CoFe2O4 and BaTiO3. Furthermore it suggests that a piezoelectric substrate can 
be incorporated as an active substrate as part of a ME composite. 
 
IV-1.5. Strain evaluation related to the thickness 
 
In the previous sections, we confirmed that CoFe2O4 grows epitaxially on various different substrates 
presenting lattice mismatches up to 7.5% and related the evaluated magnetic properties between 
them. It was concluded that the substrate plays an important role causing different strain and stress 
at the interface as well as different defects. In this section, we perform a full investigation of the 
influence of the film thickness on the films’ crystal structure. Only SrTiO3 substrates were chosen for 
this study as the CoFe2O4 films grown on SrTiO3 presented the best crystallographic arrangements 
and highest magnetic properties. Films of 13, 25, 50 and 100 nm in thickness were investigated.  
As had been previously observed in Figure IV- 1, q-2q XRD scan showed single phase and epitaxial 
out-of-plane growth of thin films on SrTiO3 substrate, which was also confirmed with the selected 
area electron diffraction (SAED) shown in Figure IV- 1 b) [9, 16]. Also with additional phi-scan 
measurements (Figure IV- 2 a)) we are assured of an epitaxial orientation in-plane. However SAED 
measurements only allow the measurement of properties in a small selected area. Therefore further 
in-plane measurements using two other techniques were performed. This allows additional 
information of in- and out-of-plane lattice parameters. The reciprocal space mapping (RSM) and the 
grazing incidence X-ray diffraction (GIXD) were chosen. These techniques are X-ray based and were 
performed with the same diffractometer.  
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Figure IV- 9: Reciprocal space mapping around (404) CoFe2O4 planes and (202) SrTiO3 planes for a 13 
nm (a) and 100 nm (b) thin films. (c) Grazing incident X-ray scans of 13, 25, 50 and 100 nm CoFe2O4 
thin films on a (001) SrTiO3 substrate.  
 
The RSM of 13 and 100 nm CoFe2O4 thin films are presented in Figure IV- 9 a) and b), respectively. 
The two spots observed in each image represent the peak due to the diffraction of (202) SrTiO3 
planes and of (404) CoFe2O4 planes. Whereas the substrate spot shows a sharp and intense peak as 
expected in a low defect single crystal, the CoFe2O4 peak is more diffuse in both cases. By using the 
reciprocal vector formula detailed in Chapter II, the in- and out-of-plane lattice parameters are 
extracted and plotted in Figure IV- 10. 
GIXD is the second in-plane characterisation technique used to calculate the in-plane lattice 
parameters. Figure IV- 9 c) represents the GIXD of four different thicknesses. This low angle 
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technique diffracts only the upper layer of the films and reduces the effect of the substrate. In the 
in-plane configuration, the (400) and (800) peaks of CoFe2O4 are observed, confirming the results 
obtained by phi-scan (Figure IV- 2) and SAED (Figure IV- 1 b)) of the good epitaxial growth of the thin 
film in the in-plane direction. Using the Nelson-Riley formula and the peak position, the in-plane 
lattice parameters of the films were calculated accurately and are presented in Figure IV- 10 
alongside with the out-of-plane lattice parameters. 
 
 
Figure IV- 10: Evolution of the lattice parameters out-of-plane (c axis) and in-plane (a axis) of CoFe2O4 
thin films on SrTiO3 substrate as a function of film thickness (13 to 100 nm). The values were 
calculated from the q-2q scan, grazing incident X-ray diffraction scans (GIXD) and the reciprocal 
space mapping (RSM). 
 
In Figure IV- 10, it can be observed that the lattice parameters of the films decrease with increasing 
film thickness. The strain in the out-of-plane direction increases from -0.29 % to -0.45 % for the 13 
and 100 nm thin films, respectively (calculated from the results obtained with the q-2q scans). This 
phenomenon has previously been studied and has been attributed to the large number of oxygen 
vacancies introduced in the spinel during the pulsed laser deposition process. Axelsson et al. [3] 
underline that oxygen post annealing of 1 hour at 1 atmosphere is necessary to reduce the number 
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of oxygen vacancies. The re-oxidation of the layer takes place by a slow vacancy driven diffusion 
process. The limiting factor of the diffusion is the thickness and it was concluded that the spinel films 
cannot fully re-oxidise for thickness higher than 20 nm. Therefore, a significant amount of oxygen 
vacancies are still present in a thicker film.  
It can be noticed in Figure IV- 10 that the lattice parameters of CoFe2O4 thin films are below the bulk 
value in the in-plane direction (a axis) for the whole range of thicknesses studied (13 to 100 nm). The 
compressive strain (- 7.4%) imposed by the substrate reduces the bond lengths in CoFe2O4 structure 
and consequently reduces the lattice parameters in the axial directions. Unexpectedly, a reduction 
of the lattice parameter was also observed in the transverse direction as presented previously. 
Consequently, the total volume of CoFe2O4 unit-cell is reduced and this is attributed to a negative 
Poisson ratio along the <001> direction [17]. It is important to note that this behaviour was observed 
for every thickness including the 13 nm film presenting no oxygen vacancies. While spinel CoFe2O4 
presents a positive Poisson ratio in bulk [18], it shows this unusual behaviour in thin films as the 
lattice parameters in all three directions decrease with a compressive strain. This relates on an 
auxetic behaviour of CoFe2O4 when reduced to nanoscale dimensions. Several authors have reported 
this uncommon lattice parameter reduction for CoFe2O4 epitaxial thin films prepared on similar 
SrTiO3 substrate [4, 19] and for polycrystalline films [20]. Whereas Iliev et al. [21] measured a 
positive Poisson ratio for the similar NiFe2O4 spinel in thin films prepared on MgAl2O4 substrate and 
Y. Zhang et al. observed a reduction of the cell of this same material on compressive SrTiO3 substrate 
[22]. These latter results reveal the current debate on the auxetic behaviour of spinel in thin films 
among the scientific community. 
For these films, two types of strain were evaluated: lattice strain and microstrain. The lattice strain 
represents a uniform and long range strain imposed by the template on the film. It results in a 
change of the reciprocal lattice distances observed by a shift of the peak position in a q-2q scan. 
They have been plotted in Figure IV- 10 and discussed earlier. A second strain present in thin films is 
the microstrain and reveals the presence of a short range strain order caused by localised defects. It 
is characterised by the broadening of the film peaks. The full width at half maximum (FWHM) is 
measured for each peak and inserted in the Scherrer formula as described in Chapter II. Low 
microstrain is usually a characteristic of single crystals whereas high microstrain reveals the presence 
of point defects and dislocations in a material. Table IV- 3 summarizes the lattice strain and the 
microstrain measured in the out-of-plane direction. It reveals that the calculated microstrain is low, 
ranging from 0.3 to 0.5%.  
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Table IV- 3: Evolution of the lattice strain and microstrain in the out-of-plane direction with different 
thicknesses for CoFe2O4 thin films prepared on SrTiO3 substrate. 
Thickness (nm) 13 25 50 100 
Lattice strain (%) -0.29 -0.37 -0.40 -0.45 
Microstrain * (%) - 0.50 ± 0.05 0.31 ± 0.04 0.31 ± 0.05 
* The Scherrer formula gives an absolute value of the microstrain, it does not indicate if the film is 
under a compressive or tensile strain. 
 
This microstrain is also observed on the RSM presented in Figure IV- 9 a) and b) as the CoFe2O4 spot 
shows clearly a broadening but it cannot be quantified. Also the spot size corresponding to the peak 
of CoFe2O4 appears larger on the RSM of the 13 nm film compared to the 100 nm film. It suggests 
that the film peak is broader corresponding to a high microstrain in thinner films, then relaxing with 
increasing thickness. The conclusion is that when increasing the thickness, Stranski-Krastanov 
growth mode is more dominant relaxor than localised defects. However it is important to note that 
the oval shape of the spot size is not related to the difference between the in- and out-of-plane 
microstrain but is due to geometrical experimental factor of the diffractometer.  
The total strain compensation obtained by addition of the lattice strain and the microstrain is less 
than 1%, which is not enough to compensate the large lattice mismatch between CoFe2O4 and SrTiO3 
of -7.4%. Important interfacial relaxations are therefore expected to release the strain energy of the 
lattice mismatch and are studied by electron microscopy. 
An HR-TEM investigation on a 50 nm thin film was conducted to verify what occurs at the interface. 
The analysis and sample preparation for the FEI Titan microscope was led by Dr. Liam Spillane [9]. In 
Figure IV- 11 a) and b), HR-TEM images of the film and substrate are observed. The high crystallinity 
of the sample measured by XRD can be confirmed. A close-up around the interface can be observed 
in Figure IV- 11 b), it reveals a 1 nm layer of incoherent CoFe2O4 structure at the interface. However 
away from the interface, the CoFe2O4 film is well crystallised and oriented. This incoherent layer is 
not observed for every sample and may originate from the specimen preparation using argon 
milling: etching away and damaging the interfacial layer.  
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(b)(a)
 
 
Figure IV- 11: HR-TEM images of the 50 nm thin film of CoFe2O4 prepared on SrTiO3 showing the good 
crystallinity of the epitaxial film. Image (a) reveals the missing planes along a line at 3 nm of the 
interface. Image (b) shows the highly strained region around the interface, relaxing with the increase 
of the thickness (courtesy of Dr. Liam Spillane [9]).  
 
From high resolution images, it is possible to calculate the lattice strain and defect strain (equivalent 
to the microstrain). The lattice strain was calculated by measuring the distance between two planes 
(dmeasured) compare to the expected d spacing on bulk material (dbulk), the normalisation over the bulk 
value gives the actual lattice strain in % (Eq. IV. 1).  
 
            Eq. IV. 1 
where d is the spacing between two planes. 
 
The defect strain was evaluated by calculating the numbers of dislocations from the HR-TEM images. 
It is expected to observe 5 SrTiO3 planes every 10 CoFe2O4 planes due to the size of CoFe2O4 unit cell 
being approximately twice larger than SrTiO3 unit cell. As observed in Figure IV- 11 a), this ratio is not 
always identified and less CoFe2O4 planes than expected are observed. The number of missing planes 
are calculated over a large area (typically between 15 to 25 nm) to determine an accurate value of 
the defects strain (Eq. IV. 2). 
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            Eq. IV. 2 
where n is the number of plane counted. 
 
The HR-TEM results obtained can then be compared with the previous results from the XRD data. A 
summary of all the values is shown in Table IV- 4.  
 
Table IV- 4: Comparison of the lattice and defects strain calculated from the HR-TEM study on a 50 
nm CoFe2O4 thin film on SrTiO3 substrate, where by adding up gives the total strain. 
Distance from 
interface 
Lattice strain (%)[9, 
16] 
Defects strain 
(%)[9, 16] 
Total strain (%) 
0 -4.64 ± 0.07 -1.28 -5.92 
6 -1.39 ± 0.02 -6.41 -7.80 
8 -0.77 ± 0.07 -5.17 -5.94 
 
From the table it can be seen that the lattice strain exhibits a sharp decrease when going away from 
the interface. At the interface, the spinel CoFe2O4 is heavily strained (- 4.64%) and relaxed to - 1.39% 
around 6 nm away from the interface. At 8 nm, the lattice strain is very close to the bulk lattice 
strain calculated from the XRD measurements.  
Over the same distance, the defects strain calculated from Eq. IV. 2 increases from - 1.28 to - 5.17%, 
revealing that few defects are present after the unclear region at the interface and a larger defect 
concentration is observed after the first 6 nm. Additional evaluation of HR-TEM images reveals semi-
coherent films at the interface SrTiO3 / CoFe2O4 and a critical thickness of about 6 nm can be 
determined. The critical thickness is the limit between the coherent layer, free of dislocations, and 
the defect region where the energy acquired by the film is released through defects and 
dislocations. It is a characteristic of the Stranski-Krastanov growth mechanism presented in 
Chapter II where the film growth changes from layer-by-layer to island formation at the critical 
thickness. 
The addition of the lattice and defect strains gives a total strain in the first 8 nm of the film between 
- 5.9 and - 7.8%, which is close to the lattice mismatch value of - 7.4% between CoFe2O4 and SrTiO3. A 
further HR-TEM study, away from the interface, would be necessary to fully explain the XRD results 
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showing low lattice strain and microstrain (-0.40 and 0.31%, respectively). It would be expected that 
after the relaxation of CoFe2O4 lattice, the in-coming adatoms arrive on a fairly relaxed surface, 
which does not impose a strong strain to the film tending to a lattice strain below 1%.  
In conclusion, we observed a two dimensional growth of CoFe2O4 thin film over the first 6 nm, where 
the layer is almost free of dislocations but in this region a high lattice strain is present imposing a 
stress to the lattice, raising the internal lattice energy. After this coherent layer, defects in the layer 
appear revealing the change to a three dimensional growth mechanism characteristic of the 
Stranski-Krastanov growth mode. An important concentration of dislocations is observed above the 
critical layer. 
 
 
 
IV-2. Barium titanate thin films 
 
BaTiO3 films require more attention during the preparation as, unlike CoFe2O4, its final 
crystallographic structure will determine its piezoelectric behaviour (cf Chapter II). At room 
temperature and in bulk, BaTiO3 presents a tetragonal structure, providing its ferroelectric and 
piezoelectric properties. When it is in its cubic phase (above 120°C in bulk) it loses its non-symmetric 
state and consequently its ferroelectric properties. Previously, tetragonal phase has successfully 
been obtained using various physical vapour deposition techniques such as Laser Molecular Beam 
Epitaxy (LMBE), PLD, sputtering from films ranging from few tens up to few hundreds of nanometres. 
Theoretical work indicates that BaTiO3 can be ferroelectric down to few tens of angstrom [23] but 
experimental works have revealed this to be more challenging as depolarization field, domains 
pinning or substrate clamping will be significant. Here we investigate the effect of the films 
deposition conditions by pressure and thickness effect. Finally a batch of films was selected and their 
functional properties were analysed. 
 
IV-2.1. Deposition conditions 
 
BaTiO3 films were prepared at 700°C. At this temperature the kinetic and thermal energy will be 
sufficient to enable good surface diffusion and the best thermodynamically stable position in the 
lattice structure to the in-coming adatoms. The oxygen pressure in the chamber during the 
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deposition is also an important parameter to adjust as it will influence the growth and the oxygen 
stoichiometry of the films. It is therefore important to find the right oxygen pressure for 
stoichiometry and at the same time to keep the surface as smooth as possible. As oxygen 
stoichiometry is important for the piezoelectric and ferroelectric properties of the film, an additional 
oxygen post annealing was introduced to minimize the oxygen vacancies. In this part, the film 
surface quality and crystallographic properties were investigated for deposition pressures ranging 
from 30 to 150 mTorr. Film thickness was measured by the white light interferometer technique and 
further profilometer measurements to estimate the growth rate.  
 
IV-2.2. Influence of the deposition parameters on the growth of BaTiO3 
 
AFM images of the film surfaces reveal that the size of the islands increases dramatically when 
increasing the deposition pressure, seen in Figure IV- 12 a). At low pressure, even if the surface is 
composed of islands, the film is homogeneous and even, whereas at high pressure the films surface 
exhibits a mixture of large and small islands. The distribution of the height of the islands is presented 
in Figure IV- 12 b). It can be observed that the average surface roughness is as high as 8.8 nm for the 
film prepared at 150 mTorr and drops to 1.3 and 1.0 nm for the films prepared when using oxygen 
pressure of 80 and 30 mTorr, respectively. This study shows also that the diameter and the 
roughness of the islands increase simultaneously when increasing the deposition pressure. 
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Figure IV- 12: (a) AFM images of BaTiO3 thin films deposited by PLD in an oxygen atmosphere of 150, 
80 and 30 mTorr. (b) Evolution of the distribution of the height on the films surface as a function of 
the Z scale. 
 
The main reason for this increased surface roughness is the high pressure in the chamber increasing 
the number of collision in the plasma which tends to aggregate in forming small crystals. These 
aggregates will then be adsorbed onto the substrate surface and will not dissociate.  
The measurement of the average surface roughness (Rms) on 4.5 x 4.5 mm2 area also indicates that 
by increasing the pressure, the Rms increases. The surface roughness alongside with the final film 
thickness as a function of the deposition pressure is shown in Figure IV- 13. It can be seen how the 
film thickness decreases from 345 ± 2 nm to 309 ± 2 nm when the pressure increases from 80 to 
150 mTorr. This phenomenon is also related to the density of the plasma and the number of 
collisions occurring during the crossing between the target and the substrate. At high pressure the 
number of collisions occurring in the plasma increases, the particles lose energy and the elements 
are less likely to be adsorbed on the surface of the substrate. 
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Figure IV- 13: Film thickness and the average surface roughness as a function of the deposition 
pressure. 
 
This can be verified by observing the equation of the estimation of the mean free path (l) of the 
particles in the chamber (Eq. IV. 3): 
              Eq. IV. 3 
where p is the pressure, d is the diameter of the molecule/particle, T is the temperature, R is the 
ideal gas constant and NA is the Avogadro number 
From the equation, it can be clearly seen that the mean free path, l, is inversely proportional to the 
pressure, p. The mean free path is also directly related with the number of particle interactions 
between the target and the substrate: the shorter the mean free path, the higher the number of 
particle interactions. Therefore at high pressure, the number of particle interactions will be 
important due to a short mean free path.  
 
The q-2q XRD scans of the films are presented in Figure IV- 14. Four BaTiO3 peaks are observed 
revealing unidirectional growth of the BaTiO3 lattice with the stacking of planes formed by the faces 
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of unit cells parallel to each other, i.e. no other growth direction is observed. However in bulk and at 
room temperature BaTiO3 has a tetragonal structure with c and a lattice parameter relatively close 
(c/a = 1.011). Therefore the diffraction peaks observed can correspond either to the (0k0) or (00l) 
diffracted planes. The presence of the a and/or c axis parameters cannot be distinguished due to the 
resolution limit of the XRD and by the presence of peak broadening induced by microstrain in thin 
films. 
 
 
Figure IV- 14: q-2q XRD scans revealing a good epitaxy in the out-of-plane direction of the BaTiO3 thin 
films prepared with various oxygen deposition pressures. 
 
At higher resolution around the (002) peak of the substrate, shown in Figure IV- 15, it can be 
observed that the peak position of the films shifts to lower angles when decreasing the deposition 
pressure. The shift is particularly notable when the deposition pressures were changed from 80 to 
30 mTorr. This means that a change from a signal corresponding to the diffraction of (002) planes to 
the signal corresponding to (200) planes is observed. This result shows that a decrease of the 
deposition pressure enables a preferential reorientation from the short, a, to the long, c, axis 
direction. A variation of the kinetic energy of the particles, when adsorbed onto the substrate 
surface, may be the origin of this difference [24]. As we observed previously, high deposition 
pressure will increase the collisions in the plasma, decreasing the kinetic energy of the particles. The 
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particles arriving with low energy on the surface present low thermal vibration. This will affect the 
interionic distance between two elements on the surface and affect the lattice cell parameter. High 
deposition pressure will preferentially enhance a axis oriented films whereas c axis orientation will 
be favourable at low deposition pressure [24, 25].  
 
 
Figure IV- 15: q-2q XRD scans focused between 44.5° to 47.5° revealing the influence of the 
deposition pressure on the growth direction of BaTiO3. 
 
It can also be observed in Figure IV- 15 that BaTiO3 peaks present an asymmetry, broader towards 
the lower 2q angle values. This asymmetry is not the result of non-uniform lattice strain caused by 
point defects and vacancies as the calculated microstrain values are very low (Table IV- 5). But it 
shows that the peak broadening is caused by a more uniform lattice strain. A strain gradient may be 
created from the interface, where a compressive strain is imposed by the template, towards the 
relaxed lattice on the top of the film as it has been recently observed for ferroelectric PbTiO3 thin 
films [26]. This is made possible because of the low lattice mismatch of -2.3% between BaTiO3 and 
SrTiO3 and a high critical thickness which can reach up to 10 nm [27]. Beyond this thickness, island 
growth is the dominant strain relaxor. 
The calculation of the lattice parameters are presented in Table IV- 5. It confirms the orientation of 
the lattice along the c axis for low deposition pressure and along the a axis for higher deposition 
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pressure. However the lattice parameters are slightly higher than in bulk caused by the compressive 
strain of the template. 
 
Table IV- 5: Evolution of the lattice parameters and the microstrain of BaTiO3 in respect of the 
deposition pressure. 
Deposition 
pressure (mTorr) 
Out-of-plane lattice 
parameter (Å) 
Microstrain (%) 
bulk 3.994 / 4.038 - 
150 4.0055 (8) 0.09-0.14% 
80 4.0023 (8) 0.10-0.15% 
30 4.0310 (8) 0.12-0.17% 
 
 
This study provides an analysis of a selection of BaTiO3 thin films prepared by PLD on (001) oriented 
SrTiO3 substrate. The AFM investigation reveals that the choice of deposition pressure affects the 
surface topography where an oxygen pressure of 30 or 80 mTorr provides smooth surface quality. 
We also determined that thin films grow along the short axis, a axis, at low deposition pressure 
whereas at high deposition pressure, the long axis orientation, c axis, is dominant. Nevertheless, 
gradient strain may be responsible of the skewed XRD peak. In the following parts, we focus the 
study of films prepared at 80 mTorr of oxygen and observe the influence of adding the SrRuO3 
bottom conductive layer previously studied in Chapter III.  
 
 
IV-2.3. Effect of an additional conductive bottom layer 
 
To apply an electric field to the sample and measure electrical properties, electrodes are required. 
As described in Chapter II and the Appendix, the top electrode is made of a defined gold area 
whereas the bottom electrode was a 60 nm thick buffer layer of SrRuO3. Details of the SrRuO3 film 
deposition can be found in Chapter III. BaTiO3 thin films were prepared at various thicknesses 
between 70 to 920 nm on top of the 60 nm SrRuO3. The crystallographic properties of the films were 
analysed and the strain influence of SrRuO3 buffer layer was observed.  
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The first analysis consisted in the evaluation of the phase purity and epitaxy for various thicknesses 
of BaTiO3. XRD of BaTiO3 films on SrRuO3 buffered SrTiO3 substrates are presented in Figure IV- 16 
for thicknesses of 130, 305 and 920 nm. It can be noticed that the broadening, previously observed 
for films on bare SrTiO3 substrate, is still present but slightly larger. Moreover a second peak, 
weaker, is observed at the low 2q angles. This peak, at 2q ≈ 43.5°, corresponds to the diffraction 
planes of the d[001] spacing of BaTiO3. This indicates that on increasing the thickness of BaTiO3, the 
film growth is not perfectly epitaxial anymore but bi-directional. The presence of (200) BaTiO3 as 
main peak is in line with results obtained for deposition at 80 mTorr in the previous part. 
 
Figure IV- 16: q-2q XRD scans in the logarithmic scale of BaTiO3 films deposited with thicknesses of 
130, 305 and 920 nm on SrRuO3 buffered SrTiO3
 
substrate. The patterns are intentionally shifted 
vertically for clarity. 
 
The (200) peaks shift towards the lower angles when decreasing the thickness. Whereas the (002) 
diffracted peak shifts towards higher 2q angles. This suggests an increase and a decrease of the a 
and c lattice parameters of BaTiO3, respectively. We suggest here that the BaTiO3 films start an 
epitaxial growth following a gradient strain as previously described. After an undetermined thickness 
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between 130 to 300 nm, BaTiO3 is relaxed and grows following the commonly occurring 90° domains 
aligned with a and c orientation (in- and out-of-plane). 
The lattice parameters a and c were further calculated using the Nelson-Riley formula and are 
presented in Table IV- 6. As a general trend, all out-of-plane lattice parameters are higher than in 
bulk and are higher than the lattice parameters measured in the previous study on bare SrTiO3 
substrate. The buffered SrRuO3 layer may introduce a compressive strain which shrink the unit cell in 
the in-plane direction and consequently extend it in the out-of-plane direction in order to keep the 
cell volume of the perovskite constant [28]. 
 
Table IV- 6: Evolution of the lattice parameters in the out-of-plane direction on increasing BaTiO3 thin 
films thickness and variation of the ration c/a. 
Film thickness 
 (nm) 
Out-of-plane lattice parameter (Å) 
                    a                                           c 
70 4.1893 (7) 4.1893 (9) 
130 4.0450 (7) 4.1659 (9) 
190 4.0727 (7) 4.1628 (9) 
305 4.0245 (7) 4.1821 (8) 
590 4.0283 (7) 4.1741 (9) 
920 4.0203 (7) 4.1874 (8) 
 
From these measurements, there is clear evidence that BaTiO3 films present a mixture of short and 
long axis in the out-of-plane direction, which would indicate a tetragonality of the films. However, 
the lattice parameters of the films measured out-of-plane are always higher than bulk BaTiO3. The 
difference in orientation and microstrain (non-uniform strain) observed between films prepared on 
SrTiO3 versus SrRuO3 reflects on the surface influence of the SrRuO3, rougher than the single crystal 
SrTiO3 substrate. The surface of SrRuO3 will be the initial growth template of BaTiO3 and therefore a 
completely different growth distribution of defects will be present. 
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IV-2.4. Functional properties related to film thickness 
 
The electric properties of the films were then measured and compared with the literature. 
Polarisation measurements such as P-E loops were made on a ferroelectric tester described in 
Chapter II. The leakage current was also evaluated over time between the exposed SrRuO3 bottom 
electrode and the gold top electrode.  
The leakage current measurements and the P-E loops obtained for films between 70 and 920 nm are 
presented in Figure IV- 17. Films with a thickness below 200 nm show a relatively high current equal 
to the limiting value measurable by the system, whereas for films over 300 nm thickness the leakage 
current decreases to reach a stable value around 10-7 A, characteristic of a good insulator. Reported 
studies of electron microscope analysis of BaTiO3 films on Nb:SrTiO3 substrate show a clear columnar 
growth with empty spaces between the columns for 320 nm thick films [29]. This empty space 
combined with pin holes formation [30] may be the origin of the high leakage for films below 
200 nm. H. M. Christen et al. [31] published a detailed review on PLD films growth and mechanisms 
and underline the importance of a slow growth rate to improve the diffusion of adatoms towards 
their thermodynamically stable position. Ref [29] and our work have in common a relatively fast and 
energetic growth which may not form fully dense films and result in leakage for thick films. 
 
(a) (b)
 
Figure IV- 17: (a) Current over time plots for films of 70 to 920 nm thickness with an applied voltage 
of 1 V. (b) P-E loops of the thicker films. 
 
As the leakage current is relatively high for films below 200 nm, only P-E loops for 300 nm thickness 
or more could be measured. The polarisation measured for the 305, 590 and 920 nm presents an 
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opening of the hysteresis loop. However the films do not show a complete saturation of the 
polarisation despite the high electric field applied. The measurements were conducted for each film 
until the breakdown (for the 305 nm thick film) or until the voltage limit of the instrument (for 590 
and 920 nm thick film).  
In these P-E loops, it is interesting to note that the remnant polarization of the three films is low and 
increases when increasing the thickness. Higher remnant polarizations were previously measured in 
thin films reaching values of 3 to 15 mC.cm-2 depending on the substrate type [32]. These 
measurements are characteristic of ferroelectricity in thin films despite the non saturation of the 
polarization. The clamping effect of the substrate on the films may be a potential explanation as 
SrRuO3, non piezoelectric, will reduce the elastic displacement of BaTiO3 lattice, necessary to 
orientate the polarization vector. The clamping effect is also expected to influence the piezoelectric 
coefficient of the films. Another important factor might be the presence of defects and vacancies 
originating from the growth of the films on SrRuO3 buffered layer which prevents ferroelectric 
switching due to domains pinning. 
To further estimate the polar status and even more importantly the d33 piezoelectric displacement, 
piezo force microscopy (PFM) measurements were performed on the films. Details of the technique 
are explained in Chapter II. The values were averaged over ten points measurements and compared 
with a reference. The d33 measured for 70, 150 and 750 nm thick films are shown in Table IV- 7.  
 
Table IV- 7: Variation of the d33 coefficient measured on the surface of the samples depending on the 
thickness of the films. 
Film thickness (nm) d33 (pm.V
-1) 
70 9.2 ± 1.2 
150 31.3 ± 2.6 
750 28.6 ± 3.1 
 
Despite the high conductance measured on the films with thickness below 200 nm, the piezoelectric 
constant can be measured due to the localized measurement enabled by the PFM tip. The films 
present piezoelectric coefficients lower than bulk single crystal values reported to be +85 pm.V-1 
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[33]. Similar decrease of the piezoelectric coefficient by 62% was previously reported on PZT films 
and attributed to the clamping effect of the substrate [34]. Also some reports indicate the presence 
of a non-ferroelectric dead layer on film interface [35], attenuating the piezoelectric response of the 
material and particularly affecting thin layers.  
It is also interesting to note that no clear domains were observed on the surface of the films. As we 
observed in the crystallographic study, the films are mainly oriented along the short axis, therefore a 
majority of in-plane ferroelectric domains are likely to be present which are hardly seen by this type 
of PFM measurements. 
In conclusion, ferroelectric measurements revealed ferroelectricity in the BaTiO3 films for the 
thickest film and films thinner than 300 nm presented a high leakage. However localised 
measurement shows a piezoelectric response of the films but attenuated compared to bulk 
characteristics. This observation is encouraging and suggests that it may be possible to observe a 
magnetoelectric coupling with CoFe2O4 counterpart. It would be interesting to follow-up this study 
with a better control of the PLD deposition to improve the atomic displacement occurring when 
applying an electric field. A study at slower pulses rate with less oxygen pressure would reduce the 
possibilities of pinholes and other defects. 
 
 
Conclusion of Chapter IV 
 
In this chapter, the individual properties of CoFe2O4 and BaTiO3 thin films were studied separately. It 
was concluded that it is possible to grow epitaxial CoFe2O4 films on various substrates such as SrTiO3, 
BaTiO3 and MgO despite large lattice mismatches. However for films on LaAlO3 substrates a small 
addition of (511) orientation is observed. The magnetic analysis revealed a significant drop of 
magnetisation for films prepared on BaTiO3 and MgO substrates. This peculiar result will particularly 
affect the properties of the final ME-composite as BaTiO3 is the chosen piezoelectric counterpart. 
Despite this reduction of magnetic properties, a promising ME coupling via an elastic interface was 
observed when CoFe2O4 film was deposited on BaTiO3 single crystal substrate. It was clearly evident 
that an elastic coupling does exist between these two chosen materials as the magnetic moments of 
CoFe2O4 changed according to BaTiO3 crystal phase transitions. The Stranski-Krastanov growth 
mechanism of CoFe2O4 was determined by HRTEM investigation. The critical thickness separating the 
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2D from the 3D growth modes was determined to be at 6 nm from the interface. After this thickness, 
an important concentration of dislocations was found. 
The influence of the deposition conditions on functionalities were analysed for BaTiO3 thin films. The 
deposition pressure has an influence on both surface roughness and on the crystallographic 
properties. Deposition under high oxygen pressure (150 mTorr) leads to a rougher surface, not 
favourable for multilayer preparation, whereas roughness below a Rms of 1.5 nm was obtained 
using lower oxygen pressure (30 and 80 mTorr in the deposition chamber). The deposition pressure 
also influences the growth direction of the tetragonal BaTiO3. Preferential long and short axis 
orientations were determined depending on the deposition pressure. These orientations are also 
observed when a 60 nm buffered SrRuO3 layer was added as a bottom electrode. A second 
phenomenon occurs for films over 300 nm thickness as both the short and long axis are 
simultaneously observed. This reveals that thicker samples cannot keep on growing epitaxially and 
multidomain films are formed. Ferroelectric properties were then evaluated on these samples across 
the top and bottom electrodes. Films presenting a thickness higher than 300 nm showed hysteresis 
shaped loops but a clear proof of true ferroelectricity is still missing as a proper saturated 
polarisation was not achieved. Also, we observed that films thinner than 200 nm were too 
conductive to be measured by electric contact method. However a reduced but existing piezoelectric 
effect was seen as the d33 coefficient was measured. This last result is highly encouraging suggesting 
that it may be possible to observe a ME coupling by an elastic interaction at the interface between 
BaTiO3 and CoFe2O4. 
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Introduction 
 
In the previous chapter, the individual properties of CoFe2O4 and BaTiO3 as single layered films 
were studied. It was found that CoFe2O4 on SrTiO3 exhibited good quality magnetic properties, 
which reach those of bulk materials. It was shown that the spinel structure adjusted well on 
several perovskite substrates despite large lattice mismatch of over 5% and epitaxial films could 
be kept up to 300 nm. Perovskite BaTiO3 films showed a good single phase growth on SrTiO3 
substrate and SrRuO3 buffered layer. The ferroelectric properties were not as high as expected 
even for film thicknesses up to a micrometer. Nevertheless the measurement of the piezoelectric 
coefficient when surface probing together with the temperature measurement of CoFe2O4 films on 
BaTiO3 substrate indicated that there is a potential magnetoelectric (ME) coupling to be achieved 
in a BaTiO3-CoFe2O4 nanostructure. In multilayers, additional changes will appear as CoFe2O4 films 
will be grown on a preceding BaTiO3 layer and BaTiO3 on a previously grown CoFe2O4 layer. The 
deposition template will then change by formation of different topographic features with each 
additional layer and hence each layer will have new physic and chemistry condition of the growth 
template. The crystallographic structures are expected to be similar but the chemistry of the 
growth interfaces at high temperature and high vacuum may change chemical equilibrium. As 
each progressing formed interface will produce different growth of the film, an alteration of the 
functionalities is expected when growing multilayered CoFe2O4-BaTiO3. Therefore, this section will 
also concentrate on identifying the interfaces with high resolution microscopy to be able to 
explain the measured functionality. 
 
 
V-1. Deposition conditions 
 
The thin films were prepared by pulsed laser deposition (PLD) using the same deposition 
parameters as in the previous chapters. However, when prepared in multilayers, a new constraint 
has to be considered. For the sake of reproducibility and rapidity of the deposition process, the 
deposition conditions need to be identical for each layer of the same material, and need to be 
consistent with the deposition conditions of the other material(s). For instance, the deposition 
temperature needs to be kept constant during the deposition to be accurately stabilized and to 
avoid time loss with temperature fluctuation. Multilayers were prepared from a 2-layer structure 
up to 20 layers on two different growth templates. As conductive bottom layer was necessary the 
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choices were the previously presented SrRuO3 buffered layer on SrTiO3 substrate and single crystal 
niobium doped SrTiO3 (CrystalNet). An example of multilayers is given in Figure V- 1, a batch of 
three samples showing a repetition of 2-layers, 4-layers and 6-layers is presented. Each sample 
presented a total thickness of 300 nm, but the thickness of each individual layer is different in 
between the samples. For a concern of the good repeatability of the layer deposition, it was 
necessary to adjust the deposition parameters with great care and harmonize them to realize 
efficient deposition of the whole structure within a day. 
 
Nb:SrTiO3
BaTiO3
CoFe2O4
Nb:SrTiO3 Nb:SrTiO3
(a) (b) (c)
30
0 
n
m
2 x 150 nm 4 x 75 nm 6 x 50 nm
 
Figure V- 1: Schematics of a 2-layer, 4-layer and 6-layer structure of BaTiO3 – CoFe2O4 prepared in-
situ by PLD. The deposition parameters were carefully kept identical so each individual layer was 
prepared in the same condition. 
 
The deposition conditions of BaTiO3 were the same as in the previous chapter whereas CoFe2O4 
thin films were prepared at a higher temperature, 700°C to keep a constant and stable substrate 
temperature. A post annealing in 1 atmosphere of oxygen was performed after each layer’s 
deposition to re-oxidize the films and reach the desired stoichiometry equilibrium. The annealing 
time was adjusted on the basis of 20 minutes and 1 hour of annealing for BaTiO3 and CoFe2O4 
every 50 nm, respectively. In Table V- 1 a typical representation of the deposition conditions used 
for the multilayered structure is shown, here for the 6-layer sample presented in Figure V- 1 c). 
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Table V- 1: Representation of typical deposition parameters of BaTiO3 – CoFe2O4 layered structure 
shown for the 6-layer structure for a total thickness of 300 nm. 
 
Temperature 
(°C) 
Pressure of 
O2 (mTorr) 
Deposition 
(Pulses) / thickness 
Annealing  
in 1 atm of O2 
Substrate 
preparation 
700 1 atm - 5 minutes 
1st BaTiO3 layer 
700 
80  (1666 pulses) / 50 nm 20 minutes 
1st CoFe2O4 layer 150 (3333 pulses) / 50 nm 1 hour 
2nd BaTiO3 layer 
700 
80 (1666 pulses) / 50 nm 20 minutes 
2nd CoFe2O4 layer 150 (3333 pulses) / 50 nm 1 hour 
3rd BaTiO3 layer 
700 
80 (1666 pulses) / 50 nm 20 minutes 
3rd CoFe2O4 layer 150 (3333 pulses) / 50 nm 1 hour 
 
 
The growth rate is also an important parameter to control, as it influences the good repeatability 
of the measurement. As the deposition per pulse is higher for BaTiO3 than for CoFe2O4, the pulse 
frequency was reduced to 2 Hz to reach a deposition rate of 0.6 Å.s-1. This deposition rate enables 
the adatoms to find a thermodynamically stable position which gives good crystallographic 
properties and is also closely linked to the functional properties. 
In the following parts of this chapter, crystallographic, electric and magnetic properties of the 
multilayers samples will be described. 
 
 
V-2. Crystallographic study of multilayers structures  
 
In this part, we will observe the crystallographic properties of the three multilayer structures of 
CoFe2O4 and BaTiO3 prepared on a conductive Nb doped SrTiO3 substrates to see how the films 
keep their epitaxy and strain throughout a more complex layered structure. The same structure 
were also prepared on SrRuO3 buffered SrTiO3 and produced very similar crystallographic results 
than the ones presented here.  
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Complete X-ray diffraction (XRD) studies were performed on these multilayers using the in-plane 
and out-of-plane configuration of the diffractometer as described in Chapter II. The q-2q scans 
are presented in Figure V- 2. Similar to the results obtained in the previous chapter, and 
particularly in Chapter IV, the films present an epitaxial growth following the cut direction of the 
single crystal substrate (00l). The phi-scans realized on the (202) and (404) peaks of BaTiO3 and 
CoFe2O4, respectively, show four peaks separated by 90° revealing a good in-plane arrangement of 
cubic or close to cubic symmetries. Moreover their alignment with the peaks of the substrate 
implies that the cubic symmetry of the substrate perfectly matches with the symmetry of the 
layers.  
 
(a) (b)
 
Figure V- 2: (a) q-2q XRD of the 2-, 4- and 6-layer structures of BaTiO3 and CoFe2O4 prepared on 
Nb-doped SrTiO3 substrate oriented (001). (b) Full revolution phi scan on the (202) planes of the 
substrate and BaTiO3 layers and on the (404) plane of spinel CoFe2O4. 
 
The (004) and (008) peaks of CoFe2O4 are clearly observed on the diffraction pattern. On the other 
hand, the peaks of BaTiO3 layers show a separation in incrementing the numbers of layers as seen 
in Figure V- 2 a). This behaviour is particularly remarkable at high 2q angle around 101°. A 
deconvolution of each peak enhances the existence of the splitting of BaTiO3 peaks and each 
respective peak position could be investigated. The splitting becomes even more obvious on 
increasing the number of layers. The previous study presented in Chapter IV has revealed that 
BaTiO3 can show simultaneously the long and short axis in the out-of-plane direction and this 
coexistence of planes becomes more significant when increasing the thickness of the sample. In 
this case of multilayers, the amount of long axis oriented phase becomes more important on 
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increasing the layer repetition and therefore decreasing the BaTiO3 films thicknesses. A 
quantitative ratio cannot be simply estimated as it depends on the unknown intensity of the 
diffracted peak1.  
When a sample is grown in multilayers, it can be viewed as several single layers grown each time 
on a different template. The first layer of BaTiO3 was grown straight on Nb doped SrTiO3 single 
crystal template imposing a compressive strain to BaTiO3 lattice. In the 4-layer structure, the 
second BaTiO3 layer is grown on top of preceding CoFe2O4, imposing a tensile strain onto the 
lattice. And this same observation is valid for the 3rd BaTiO3 layer in the 6-layer structure. 
Therefore all BaTiO3 layers are not equivalent from a strain point of view. In the 2-layer structure, 
BaTiO3 is only under a compressive strain, whereas in the 4-layer structure one layer is under 
compressive strain and one layer under tensile strain. Finally in the 6-layer structure, one layer is 
in compressive strain and two layers are in tensile strain. However, these observations are made 
without taking into account the influence of the adjacent top layer, which will also induce a strain 
to the bottom preceding layer. Therefore each and every BaTiO3 layers will diffract differently the 
X-rays and as we observed previously, a change in peak ratio would be possible to define. From 
our previous observation it can be assumed that the bottom layer of the multilayers, when in 
compressive strain, is responsible for the “a” axis peak, whereas the top layer is responsible for 
the “c” axis diffracted peak.  
The lattice parameters in the out-of-plane direction were then calculated using the Nelson-Riley 
formula to observe the change of cell parameters between the different type of layered 
structures. 
 
                                                          
1 Ratio of the diffracted peaks (00l) and (h00) of BaTiO3 can be found in the literature for powder and single 
crystal, but these values will differ when BaTiO3 is in thin film form.  
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Figure V- 3: Evolution of the lattice parameters in the out-of-plane direction for CoFe2O4 and 
BaTiO3 films of the 2-, 4- and 6- layers structures prepared on Nb doped SrTiO3 substrate. For 
BaTiO3 films, the short (a) and long (c) lattice parameters were observed in the out-of-plane 
direction. 
 
In Figure V- 3, the summary of the lattice parameters in the out-of-plane direction calculated from 
the q-2q scans is presented for the different number of layers. The out of plane lattice parameters 
of the CoFe2O4 are constant within the measurement error regardless the amount of layers. This is 
in good agreement with the results obtained in Chapter IV revealing an open and flexible spinel. 
However, when sandwiched between two layers, CoFe2O4 lattice parameters are not affected so 
much by the thin film thickness as previously reported in Chapter IV. This indicates that the 
multilayer structure and therein the adjacent top layer may also have an influence on the 
crystallographic property of the sandwiched layer. 
The results of the q-2q scans of BaTiO3 layers shown in Figure V- 3 confirm that on increasing the 
number of layers. The crystallographic “a” and “c” axes are coexisting in the out-of-plane direction 
and the peaks position varies with the amount of layers. The “a” lattice parameter shows only a 
slight increase with the number of layers whereas the long axis (“c” axis) of the lattice reveals a 
stronger variation in lattice parameters. The lattice parameter values seen here in multilayers are 
close to those observed in Chapter IV for a single layer and it is interesting to note here that the 
increase of stacking layers increases the lattice parameters.  
The tetragonality of BaTiO3 in the out-of-plane (ofp) direction can be estimated in these systems 
by calculating the ratio cofp/aofp as the long and short lattice parameters are observed out-of-plane. 
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This ratio is usually a good indicator of the ferroelectric properties of a perovskite. In Table V- 2, 
the estimated and calculated values are presented and compared with that of a single crystal. 
 
Table V- 2: Variation of the estimated c/a ration in the out-of-plane direction for the 2-, 4- and 6- 
layer structures. 
Multilayers structure  cofp/aofp ratio  
Single crystal 1.011 
2-layers  1.005  
4-layers  1.007 
6-layers  1.009  
 
The ratio of the long and short axis (c/a) increases on increasing the number of layers. It is 
important to recall that this estimated ratio is based only for out-of-plane lattice orientation, but 
is valid in this study as the ferroelectricity will be evaluated in that same direction.  
A similar study of the layers cell parameters which also includes the in-plane lattice parameters 
was done by reciprocal space mapping (RSM) as seen in Figure V- 4. The diffraction peaks of the 
(202) family of planes of the substrate Nb doped SrTiO3 and BaTiO3 and the (404) family of planes 
of CoFe2O4 show a good alignment in line and single spots. 
 
2.9 3.0 3.1 3.2 3.3
2.9
3.0
3.1
3.2
3.3
Q
Z
 (
Å
-1
)
Q
X/Y
 (Å
-1
)
 
 
 
2.9 3.0 3.1 3.2 3.3
2.9
3.0
3.1
3.2
3.3
 
 
Q
Z
 (
Å
-1
)
Q
X/Y
 (Å
-1
)
(a) (b)
(202) 
Nb:SrTiO3
(202) 
BaTiO3
(404) 
CoFe2O4
(202) 
Nb:SrTiO3
(202) 
BaTiO3
(404) 
CoFe2O4
 
Figure V- 4: Reciprocal space mapping (RSM) of the 2-layer (a) and 4-layer (b) samples performed 
on the (202) peaks of the substrate and BaTiO3 and on the (404) peak of CoFe2O4.  
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From the previous chapters it was shown that the RSM is less accurate than symmetric q-2q 
measurements. This enhances a problem of resolution when one needs to separate two close 
peaks. Therefore from the RSM measurements it is not possible to dissociate the short and long 
axis of BaTiO3.  
Despite the reduced accuracy, the in- and out-of-plane lattice parameters were calculated from 
the centre of the spots and by using the reciprocal vector equations detailed in Chapter II. We 
observed that the out-of-plane values were similar to those calculated from the q-2q scans. Both 
in-plane values of CoFe2O4 and BaTiO3 are reduced with values of 8.33 Å and 3.993 Å, respectively, 
revealing that the lattices are highly compressed in-plane. However the low resolution of RSM 
does not allow us to separate close peaks and the contribution of both the “a” and “c” axis cannot 
be observed. 
 
In conclusion, many parallels can be drawn from the crystallographic study of CoFe2O4 and BaTiO3 
in multilayers with the individual thin films presented in Chapter IV. In all cases they exhibit an 
epitaxial growth in the same direction of the substrate chosen, here (00l), even for structure up to 
6-layers. A slight difference comes in the 4- and 6-layer structure, where the proportion of long “c” 
and short “a” axes in the out-of-plane direction changes for the BaTiO3 layers. However the lack of 
accuracy of the RSM does not enable to confirm this result. 
 
 
 
V-3. Functional properties of multilayers 
 
Functional properties were studied on these multilayers structures to investigate if the 
introduction of more interfaces and different initial growth template surfaces would change the 
electric and magnetic properties. First dielectric and ferroelectric measurements were performed 
on multilayers of 2-, 4- and 6-layer samples prepared on Nb doped SrTiO3. Then the magnetic 
properties were investigated and another set of samples with up to 20 layers was used for 
comparison. The functional properties and potential improvement are discussed. 
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V-3.1. Dielectric properties 
 
The dielectric properties of the multilayers structure were studied at room temperature in a PPMS 
(Physical Property Measurement System) connected to a LCR meter, assuming a capacitor and 
resistance in parallel. The capacitance was measured from 1 to 500 kHz for the 2-layer and 4-layer 
structures and is presented in Figure V- 5. It can be observed that the capacitance decreases with 
increasing frequency. The 6-layer structure is not represented as the sample presented too low 
resistance for valid measurements.  
 
 
Figure V- 5: Variation of the capacitance (closed squares) and the tan d (opened triangles) as a 
function of the frequency from 1 to 500 kHz on the 2-layer (a) and 4-layer structures (b) at 300, 250 
and 50 K. The blue dashed lines represent linear fittings of the capacitance at 250 K. 
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By comparing the two figures, the capacitance measured is higher in the 4-layer structure than in 
the 2-layer. At room temperature, values of 262 ± 8 and 240 ± 8 pF were recorded at 10 kHz and 
for the 4-layer and 2-layer, respectively and in general the capacitance is lower for the 2-layer 
structure which is particularly noticeable towards lower frequencies. This variation of capacitance 
suggests that when the nanocomposites have thinner layers, as in the 4-layer structure, the 
overall capacitance value increases. This behaviour is also associated with an increase in the 
number of interfaces. Similar increase of capacitance was previously seen in similar 
magnetoelectric multilayer film structure of BiFeO3 and PZT [1]. The authors claimed that the 
dielectric constant of the multilayers structure was increased by increasing the number of 
interfaces as trapped charges at the interfaces would have created an interfacial polarization, 
which were thought to be the principal reason of the capacitance decrease [1, 2]. Similar 
behaviour could be expected in the system BaTiO3 – CoFe2O4 where BaTiO3 accumulates charges 
on its top and bottom interfaces responsible for a variation of the capacitance.  
Moreover the dielectric measurements on the 2-layer sample reveal that the capacitance behaves 
linearly (when the frequency is in the logarithmic scale) whereas the behaviour of the capacitance 
of the 4-layer structure possesses an inflection point of the capacitance around 10 kHz. A peak in 
tan d measurement is also present around the inflection point indicating the presence of a Debye-
like or Maxwell Wagner relaxation processes, this latter is more usually found in materials 
electrically heterogeneous [3] such as the multilayers studied here. Further investigation at lower 
frequency would be necessary to differentiate the two processes. From the dielectric 
measurements, it is obvious that such dielectric relaxation is not present in the 2-layer structure 
whereas with the increment of interfaces the charge dispersion is accentuated. 
In Figure V- 5, the capacitance with frequency is also presented at different temperatures from 
300 to 50 K. The capacitance value and tan d decrease with the temperature decrease. 
Furthermore the tan d peak observed in the 4-layer structure is shifted towards high frequency 
showing that the relaxation time decreases with the decrease in temperature. 
 
The high leakage current measured in the 6-layer structure is more complicated to explain. The 
three multilayer samples studied present the same total thickness and the same total volume of 
BaTiO3 and CoFe2O4 material. The number of repeated layers, and consequently the thickness of 
each layer and the number of interfaces, are therefore the factors influencing the electrical 
behaviour. This would mean that below a critical value of film thickness, high current can cross the 
multilayers and increase the leakage. 
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Dielectric constant determination 
The capacitance results presented in the previous section were obtained from the impedance 
measurement using a LCR meter simplified circuit corresponding to a parallel capacitor – 
resistance. To determine accurately the effective dielectric constant of the 2-layer structure the 
real and imaginary parts of the impedance were used and an equivalent circuit needs to be 
developed to indentify the contribution of each component of the real complex circuit. The fitting 
of the impedance was realised on the equivalent circuit using the Z view software. The phase and 
impedance modulus of the 2-layer structure with the equivalent circuit used are presented in 
Figure V- 6. The proposed scheme of the equivalent circuit consists of a resistance (R) and an 
inductor (L) to cover the effect of the conductive layer and wires, and a constant phase element 
(CPE) to contribute to the leaky capacitor behaviour of the interfaces, including the electrode-film 
interfaces. Finally the resistance and capacitance elements in parallel represent the leakage 
contribution and the capacitance of the sample. 
 
(a)
(b)
 
Figure V- 6: (a) Impedance measurements presenting the phase and the impedance modulus of the 
bilayer structure. (b) The equivalent circuit model used for the fitting to describe the measured
impedance of the bilayer structure. 
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The fitting of the equivalent circuit enables the extraction of the values of each component of the 
equivalent circuit providing the best fit using this equivalent circuit. The obtained values estimated 
are presented in Table V- 3. The effective capacitance (eeff) can then be calculated using the 
standard capacitance formula (Eq. V. 1): 
              Eq. V. 1 
where C is the fitted capacitance; d, the distance between the electrode (here 300 nm for each 
sample); e0, the electric constant for vacuum (ε0 ≈ 8.854 × 10
−12 F.m–1) and A, the electrode surface 
(between 2.1 mm2 for the 2-layer structure). 
   
Table V- 3: Values obtained after fitting the impedance measurements performed between 10 Hz 
and 1 MHz on the 2-layer structure using the equivalent circuit model presented in Figure V- 6 b). 
Sample 
structure 
R (W) CPE (F, ø) L (W.s) Rbilayer (W) Cbilayer (F) eeff
2-layers 1.08(4) 
1.4(2) x 10-8 
0.89 
7.5(1) x 10-7 1.8(3) x 106 3.5(2) x 10-9 56 ± 8 
 
It is important to note that only an effective dielectric constant which corresponds to the dielectric 
constant of both CoFe2O4 and BaTiO3 in series can be determined. This is a reason why values are 
lower than expected if only BaTiO3 was considered. This fit also highlights that errors are 
introduced in the capacitance measurement when using the simplified parallel capacitor-
resistance circuit of the LCR meter and a fitting of the imaginary and real part of the impedance 
are necessary to obtain accurate values. 
 
 
V-3.2. Magneto-dielectric measurements 
 
Dielectric measurements with and without magnetic field over the temperature range of 300 to 
100 K were performed to investigate if the magnetic field would change the capacitance and loss. 
The aim was to investigate possible magneto-dielectric coupling. An elastic coupling between the 
magnetostrictive and the piezoelectric layers can theoretically tune the capacitance by applying a 
magnetic field to the films. These results would indicate if there is a coupling of the spin and polar 
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ordering via the elastic interface. The capacitance and tan d values measured with an AC electric 
field of 52 kHz between 300 - 100 K for the 2-layer CoFe2O4 – BaTiO3 sample are presented in 
Figure V- 7. The dielectric measurements were performed in a cycle: first the sample was cooled 
down to 100 K and then heated up to room temperature to verify that there was no thermal 
hysteresis. The green squares represent the values obtained when no magnetic field was applied 
whereas the red triangles correspond to the response of the system under a magnetic field of 4.5 
Tesla. This field corresponds to the magnetic saturation of the sample. Similar results were 
obtained at lower magnetic field close to the inflection point of the magnetic hysteresis cycle (i.e. 
at 0.2 Tesla) and by using different electric field frequencies (frequencies between 1 to 500 kHz 
were tested) revealing the same behaviour. 
 
Figure V- 7: Variation of the dielectric properties of the 2-layer BaTiO3 – CoFe2O4 structure as 
function of the temperature with an AC electric field of 52 kHz. The dielectric loss (open symbols) 
and the capacitance (close symbols) are studied with (green) and without (red) an applied 
magnetic field. 
 
From the figure, it can be observed that the capacitance and loss measurements performed with 
and without magnetic field follow exactly the same trend. The same measurement was also 
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repeated on the 4-layer structure resulting in similar results. These results suggest that there is no 
magneto-dielectric coupling that can be observed by this method. Different explanations are 
suggested below: 
- CoFe2O4 and BaTiO3 lattices are not magnetostrictive and piezoelectric due to clamped 
thin films.  
- A lack of interface coherence does not allow sufficient elastic transfer of striction between 
magnetostrictive CoFe2O4 and piezoelectric BaTiO3 layers. 
- The lattice stress is effectively transmitted to the BaTiO3 lattice but the global dielectric 
properties are not affected.  
 
Due to the expected small displacement in thin films, the small elastic interaction may be the most 
realistic conclusion why no detectable ME coupling could be observed. 
 
 
V-3.3. Ferroelectric investigation 
 
An investigation of the ferroelectricity was performed on the multilayer samples presenting a 2-, 
4- and 6-layer prepared on Nb doped SrTiO3 substrate presenting a total thickness of 300 nm. Gold 
electrodes of 450 mm2 and 100 nm thick were prepared beforehand by sputtering and lithography 
technique as presented in Appendix A3. The ferroelectric measurements were performed using a 
ferroelectric tester, described in detail in Chapter II. In Figure V- 8 a), the polarization over 
switching electric field of the 2-layer sample is presented. The figure shows a hysteresis with a 
coercive field of 50 kV.cm-1 and reaching saturated polarization towards 100 kV.cm-1. Despite the 
loop shape, the measurements do not show a complete saturation satisfying an expected 
ferroelectric hysteresis. An observation of a saturated polarisation and an inflection point in the 
loop are prerequisites to assert that a material is ferroelectric. These parameters were not 
observed in these measurements suggesting that either the structures are not ferroelectric or that 
the saturation was not reachable at these voltages (± 10V was the maximum voltage achievable 
with this instrument).  
 
Chapter V: CoFe2O4 – BaTiO3 multilayer structures 
__________________________________________________________________________________ 
171 
 
 
Figure V- 8: (a) P-E loop realised in the out-of-plane direction of a 2-layer BaTiO3 – CoFe2O4 sample 
for a total thickness of 300 nm. 
 
J.F. Scott recently published his perspective of ferroelectricity suggesting that this type of cigar 
shape loop may be due to a leakage current measured between the two electrodes and are not 
always the result of the intrinsic property of ferroelectric materials [4]. Typical P-E loop 
measurements from a ferroelectric tester (Radiant system here) consist in extracting the 
polarization from a capacitance measurement performed between two electrodes. The 
polarization can then be calculated using the measured capacitance and parameters of the 
material such as the thickness of the sample and the size of the electrode. The measurements can 
be seen as a simple evaluation of the charge Q variation between the two electrodes. When 
considering that a material is a perfect insulator, the charge is defined as: 
              Eq. V. 2 
where Pr is the remnant polarisation and A the surface area of the electrodes. 
However in the dielectric material, the real charge measured is given by Eq. V. 3: 
             Eq. V. 3 
where s is the electrical conductivity; E, the applied electric field; and Dt, the time of the 
measurement. For a dielectric material, non-ferroelectric, a leakage current is still observed, 
proportional to the conductivity, but the ferroelectric part is not present in the equation and the 
charge becomes: 
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             Eq. V. 4 
 
The plot of the measured charge against the applied voltage represents a P-E loop similar to an 
open paraelectric signal. It is therefore important to measure the leakage current of the material 
to evaluate its influence to the observed polarization. 
 
 
Figure V- 9: The conductance measurement reveals a low leakage current for the 2-layer sample 
whereas a high leakage is observed for the 6-layer structure 
 
The values of the leakage current seen in Figure V- 9 were measured for the maximum voltage 
applied during the hysteresis loop measurement presented in Figure V- 8. A leakage current value 
of the 2-layer structure between 10-9 and 10-10 A was measured. To be properly measured a 
ferroelectric needs to be largely insulating with a leakage current below 10 -7 A at room 
temperature, in order to limit the leakage artefact in a ferroelectric loop [5]. The leakage current 
measured in the reported 2-layer structure is below the current limit, so we cannot conclude that 
the cigar shape of the ferroelectric loop, observed in Figure V- 8 a), is only due to the leakage 
current. The leakage current will have an effect on the loop as it is not an ideal insulator but it is 
most likely that the loop shape obtained is partly due to charge transfer and polarisation in the 
thin film. As the maximum voltage allowed using the Radiant system was ± 10 V and the saturation 
of the polarization was never achieved, we can suppose that the saturation may be obtained at 
higher voltage. Furthermore, CoFe2O4 layer present on top of BaTiO3 layer separates the gold 
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electrode to the BaTiO3 layer. CoFe2O4 is not as good insulator as BaTiO3 and therefore the electric 
field in the magnetic layer is harder to describe and may introduce artefacts in the measurements. 
The ferroelectric properties of the 4- and 6-layer structures were also measured, but as observed 
in Figure V- 9, the leakage current of the 6-layer sample presents a too high leakage above 10-4 A, 
the limit of current value measurable by the tester. This result indicates that the ferroelectricity of 
BaTiO3 in the 4- and 6-layer structures cannot be measured and estimated as the current is above 
the critical limit of 10-7 A. In Chapter IV, BaTiO3 single layers indicated similar results with a high 
leakage current appearing for a thickness below 200 nm.  
Several reasons for explaining the high leakage current in these structures can be put forward: 
 
i) A high surface roughness formed after each single layer deposition 
ii) The presence of larger aggregates formed during the PLD deposition are causing 
percolation throughout the film  
iii) Interdiffusion due to chemical incompatibility or defect driven diffusion between 
the different material 
iv) Presence of pinholes which create conduction channels between the electrodes 
 
The surface roughness has previously been determined and presented an average roughness of 3 
nm with aggregates up to 30 nm. This will cause incoherency at the interface and in particular 
these relatively large aggregates may cause percolation of electric field throughout the composite. 
The third hypothesis iii) will be studied in the following part of this chapter. Finally the hypothesis 
iv) is the most probable reason which explains this high leakage. Indeed, the formation of pinholes 
during the PLD deposition creates defects all along the film from the bottom to the top. Pinholes 
are commonly observed during the PLD process, often due to the island growth mode of the layer 
creating partial dislocations and anti-phase boundaries when the islands connect. This often 
weakens the structure and especially in thin films of tens of nanometres. It has been reported that 
pinholes can create short-circuits which will appear obvious in the electrical measurements [6, 7]. 
Moreover, the formation of pinholes would be consistent with the different layers’ thickness as 
the effect of pinholes decreases on increasing the sample thickness. In the 2-layer structure, 
BaTiO3 is 150 nm thick whereas it is 50 nm in the 6-layer structure. The thickness of BaTiO3 layer is 
then crucial, and following this deposition condition, the ferroelectric properties for thin BaTiO3 
films cannot be measured, the limiting value being between 75 to 150 nm. 
 
 
Chapter V: CoFe2O4 – BaTiO3 multilayer structures 
__________________________________________________________________________________ 
174 
 
V-3.4. Magnetic investigation 
 
The magnetic characteristics of these multilayer samples were analysed at room temperature with 
an applied field perpendicular and parallel to the films’ surface. The diamagnetic contribution has 
been subtracted from the measured signal has been accurately subtracted. An example of the 
multilayers’ magnetic response is presented in Figure V- 10 revealing a strong anisotropy in the 
multilayers. The magnetic signal encounters a hard axis in the out-of-plane direction of the films 
whereas the easy axis is in-plane. This phenomenon has been studied on various thin film systems 
and attributed to different structural mismatches brought by the compressive strain imposed by 
the template and the corresponding interfacial strain that influences the magnetic layer [8-11]. In 
the easy axis configuration, the saturated magnetisation is obtained at 1 Tesla for each sample 
regardless the number of layers, which shows that the layers stacking does not influence the 
anisotropic properties. 
Nb:SrTiO3
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Figure V- 10: In- and out-of-plane magnetisation for 2-layer structure of CoFe2O4 (top) and BaTiO3 
(bottom) prepared on Nb doped SrTiO3 between -4 Tesla and +4 Tesla. 
 
The variation of the magnetic response with the number of layers was studied for all multilayer 
systems as shown in Figure V- 11 a). Although the samples were prepared and annealed under the 
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same conditions, a significant drop in magnetisation with the increasing number of layers is 
observed. Because the total volume of CoFe2O4 layers is constant for all films, it is obvious that the 
layer thickness and the number of interfaces are the main parameters affecting the magnetism in 
these samples.  
The same measurement was also repeated for multilayer samples varying from 2 layers up to 20 
layers for a total thickness of 120 nm rather than 300 nm. This second set of samples was 
prepared on a 60 nm thick SrRuO3 buffered layer on (001) SrTiO3 substrate rather than Nb doped 
SrTiO3. The magnetic properties showed a decrease of saturated magnetisation with increasing 
layers, as presented in Figure V- 11 b). In that case the thickness of each individual layer was 
thinner, ranging from 60 to 6 nm (for the 2 to 20 layers structure, respectively). Once again the 
results show that the number of interfaces is a critical parameter for obtaining good properties. 
Also, magnetic properties can be attributed to the cobalt ion distribution between the octahedral 
and tetrahedral sites in the spinel [12] which can be rearranged by thermal annealing. In this case 
we have excluded this hypothesis due to the negligible effect in this particular case as the 
deposition and annealing conditions were kept identical between each set. 
        
(a)
100 nm
70 nm
(b)
 
Figure V- 11: (a) Magnetisation loop in the in-plane direction showing a decrease of the total 
magnetisation when the number of layers varies to 2, 4 and 6 stacking layers. (b) Decrease of 
saturated magnetisation (Ms) revealing a strong decrease on multilayer systems varying from 2 to 
20 layers. Insets show TEM bright field images of the 6 layer and 20 layer structures enhancing the 
good periodicity of the films and the thickness for each layer of 20 and 6 nm, respectively. 
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The d.c. magnetic susceptibility of CoFe2O4 is measured at room temperature for the three 
different multilayer systems (Figure V- 12). A comparison between the out-of-plane (H field 
perpendicular) and the in-plane (H field parallel) magnetic susceptibility is presented. The 
magnetic susceptibility is a dimensionless constant corresponding to the degree of magnetic 
response of the material to an applied magnetic field. It relates the reaction of the magnetic 
moments to orientate with the magnetic field. The recorded values represent the maximum 
magnetic susceptibility obtained when the magnetization approaches zero. In Figure V- 12, it can 
be observed that the magnetic susceptibility decreases on increasing the repetition number of 
layers revealing that the orientation of the magnetic moments occurs more gradually. On 
increasing the stacking periodicity, the thickness of the magnetic layers decreases and the 
magnetic domains require more energy to be oriented as the interface influence becomes 
stronger. These results are in agreement with the previous observation showing that the saturated 
magnetization decreases on increasing the number of layers for a constant coercive field. 
 
Figure V- 12: Variation of the d.c. magnetic susceptibility at room temperature as a function of the 
number of layers. 
 
However one can notice that the amplitude of the magnetic susceptibility is higher in the in-plane 
orientation of the surface thin films and presents a variation up to 45% between the 2- to the 6-
layers structure whereas the out-of-plane susceptibility varies by less than 16% and is always 
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weaker than the out-of-plane susceptibility. This is the consequence of the anisotropy of the 
multilayer thin films previously discussed. 
 
Magnetic force microscopy (MFM) investigation was then performed to identify the variation of 
domains structure and magnetic amplitude on the sample surface. The results on the 2- and 6-
layer structures prepared on Nb doped SrTiO3 are presented in Figure V- 13 alongside with the 
atomic force microscopy (AFM) measurements of the same area. First of all, it can be noticed that 
the topography on the surface of the samples does not affect the reading of the magnetic signal. 
This was made possible in using a lift height of 30 nm and by the low roughness of the samples 
(Rms = 1.31 nm, for the 2-layers structure; Rms = 1.00 nm for the 6-layer structure). The magnetic 
domains present a cluster-like shape with dark and clear contrast revealing that the magnetic 
moments are aligned in the up and down direction. In the 2-layer structure, the magnetic domains 
measure between 150 to 200 nm covering several topographic features from the island growth of 
25 nm in average. In contrast, the 6-layer structure possesses smaller magnetic domains 100 to 
130 nm (here the topographic features were slightly smaller with an average of 20 nm). A variation 
of magnetic phase amplitude is also noticed between the two surfaces measurements: the 2-layer 
structure presents a magnetic amplitude of ±0.15° whereas the 6-layer structure is in the ±0.10° 
scale showing that the magnetic signal in the 2-layer structure is stronger than the 6-layer 
structure.  
 
Figure V- 13:  Comparison of AFM and MFM images showing the difference in magnetic domains 
size and amplitude (measured along the green line) between a 2- and 6-layer samples prepared on 
Nb doped SrTiO3.  
Chapter V: CoFe2O4 – BaTiO3 multilayer structures 
__________________________________________________________________________________ 
178 
 
The magnetic domain size indicates the coherence length of parallel spins. When the magnetic 
exchange energy, which tends to keep the magnetic moment parallel becomes too high, domain 
walls are generated to allow relaxation and energy release in the material. Therefore in the 6-layer 
structure, one might think that the smaller magnetic domains indicate that the exchange energy 
limit is reached more quickly than in the 2-layer structure due to CoFe2O4 thickness difference. But 
the lower out-of-plane remnant magnetization observed in Figure V- 11 a) and MFM profile in 
Figure V- 13 would also influence the domain size as it reflects how strongly coupled are the spins 
once the external magnetic field is removed. These observations correlate well with a decrease of 
the size of the magnetic domains by 33 to 36 % compared with the 38 % decrease of the remnant 
magnetization (obtained from Figure V- 11 a)). Whereas the thickness variation of the top 
terminating CoFe2O4 layer between the 2- and 6- layer structure is about 67 % (as the individual 
layers are 150 nm thick in the 2-layer structure and 50 nm thick in the 6-layer structure). The sizes 
of the magnetic domains in these multilayer structures are smaller than those obtained in the 
literature for 300 nm thin films with cluster-like structures estimated at 500 nm [13, 14].  
 
 
Evaluation of the magnetisation using a barrier layer 
To evaluate the interface property on the overall magnetic results, a SrTiO3 barrier layer was 
introduced between each BaTiO3 and CoFe2O4 layer of the 6-layer structure (or 3 x bilayer). The 
thickness of the barrier layer did not exceed a total of 4 unit cells (1.6 nm). In Figure V- 14 the 
magnetic response of two 6-layer structures with (red) and without (green) the intermediate 
SrTiO3 layer can be seen. The saturated magnetisation increases with the additional SrTiO3 barrier 
layer despite the total volume of CoFe2O4 remaining identical. 
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Figure V- 14: Magnetic response of the 6-layer (3 x bilayer) structure (green) and the 3x 4-layer 
structure including the SrTiO3 barrier layer (red) measured with the magnetic field applied parallel 
to the films surface. 
 
Previously, it was described how the number of stacking layers exerts a significant impact on the 
magnetic properties of multilayer thin films and how more layers (despite keeping the total 
volume of CoFe2O4 the same) reduced the magnetic properties. However here the SrTiO3 layer did 
the opposite effect as more interfaces were included but an increase of the magnetic properties 
by 25% was achieved (cf Figure V- 11 b)).  
To enhance the ME coupling, it is important to increase the surface area of interfaces and this can 
be achieved by reducing the thickness of each layer and increasing the number of layers, therefore 
increasing the number of interfaces. But, when the layer repetition increases to 20-layers, 
representing 19 interfaces, the saturated magnetic properties drop by 66%. This behaviour shows 
a strong limitation for the use of multilayer structure in ME devices. However, this issue can be 
tackled by the insertion of an ultra thin barrier layer of SrTiO3 after each deposition of CoFe2O4 
and BaTiO3. This improved the magnetisation of the 6-layer structure by 25% whereas its coercive 
field and anisotropy remains unchanged.  
This result can be partially explained by analysing the chemical stability between spinel CoFe2O4 
with the perovskites BaTiO3 and SrTiO3 at high temperature to investigate thermodynamic stability 
and compatibility. This investigation was studied in bulk by mixing calcined single phased CoFe2O4 
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and BaTiO3 and annealing the material mixture at high temperature of 1200°C for 5 hours. The 
resulting powders were analysed by XRD and are presented in Figure V- 15. The CoFe2O4 and 
BaTiO3 annealed mixture showed the presence of the two starting phases, cubic CoFe2O4 and 
tetragonal BaTiO3 and of a secondary oxide phase iron rich Ba(Fe10Ti2)O19. Furthermore the XRD 
pattern of the annealed sample also shows the presence of the non ferroelectric cubic BaTiO 3 
phase. This phase, unstable at room temperature, can be formed when BaTiO3 is doped with low 
concentration of dopants. This has already been reported for dopants such as calcium [15], 
magnesium [16] or rare earth elements [17]. Similar additional phases have previously been 
reported by J. Echigoya et al. [18] on a lamellar microstructure sample of CoFe2O4 and BaTiO3 
prepared by floating zone method where they concluded that CoFe2O4 and BaTiO3 phases are not 
thermodynamically compatible and react to form secondary phases, such as BaFe12O19, 
BaCo6Ti6O19 [19, 20]. On the other hand, the mixture of CoFe2O4 and SrTiO3 shows only the two 
starting phases with no reaction products. 
* *
 
Figure V- 15: q-2q scans of a mixture of CoFe2O4 / BaTiO3 (a) and CoFe2O4 / SrTiO3 (b) calcined at 
1200°C for 5 hours. The colour lines represent the peak positions from the ICDD X-ray database 
[21] and the asterisks undetermined peaks. The inset images in both (a) and (b) represent a 
backscattering SEM image of the mixture obtained after the heat treatment. 
 
It is clearly observed that a chemical reaction happens between CoFe2O4 and BaTiO3 when enough 
thermodynamic energy is given to the system whereas no reaction occurs even at high 
temperature between CoFe2O4 and SrTiO3. Backscattered SEM analyses as complementary 
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technique to the limited detection of the XRD confirmed that spinel CoFe2O4 can interact with 
BaTiO3 at high temperature (Figure V- 15 insets).  
The XRD analysis on the multilayer thin films does not reveal any other detectable phases than 
CoFe2O4 and BaTiO3. However, some degree of chemical interaction may still be present and 
unavoidable. Whereas the PLD deposition temperature is not as high as 1200°C, the particles in 
the plasma have comparable high kinetic energies to initiate such thermodynamic reaction. The 
particles reaching the substrate surface presents high velocity and may initiate interactions with 
the previously formed layer, inter-diffusion being one of them. Therefore it is suggested that a 
deteriorated layer is formed at the interface when elements of CoFe2O4 arrive in contact with the 
surface of BaTiO3 layer or inversely. This passive layer may present a crystallographic disorder 
breaking the spinel symmetry and affecting the magnetic properties of CoFe2O4, this interface 
layer may also become magnetically inactive.  
These observations are in line with many other reports on magnetic spinels that demonstrate a 
significant decrease in magnetisation which can be caused by the cation substitution with 
nonmagnetic ions [22]. The structure is therefore very sensitive to cations substitution and the 
presence in the spinel of foreign cations such as Mn2+ [23] and rare earth ions [24, 25] can strongly 
influence the magnetic properties.  
At this stage we cannot fully explain how the SrTiO3 barrier layer improves the magnetic 
properties except for speculating that it may slow down interfacial reactions and diffusion 
between CoFe2O4 and BaTiO3. Therefore further electron microscopy at high resolution was 
performed to try to identify the origin of the magnetic recovery. 
 
 
 
V-4. Electron microscopy investigation 
 
High resolution transmission electron microscopy (HRTEM) on the 6-layer samples with and 
without the additional SrTiO3 thin barrier layer was used to analyse the interfaces, homogeneity 
and crystallinity of the layers. Additionally electron energy loss spectroscopy (EELS) allowed a 
quantitative identification of the chemical composition of the layers and interfaces.  
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The measurements presented in this part were realized on the FEI Titan 80-300 on TEM specimen 
previously prepared by dual FIB (presented in Appendix A1). 
 
V-4.1. Quantitative EELS analysis 
 
In the previous section, a possibility of interdiffusion at the interface between BaTiO3 and CoFe2O4 
layers was described. The resulting interdiffusion could form sections of the structure showing the 
substitution and/or insertion of elements in their native or by the formation of new phases at the 
interface. EELS measurements and elemental analysis were performed across the first interface of 
the 6-layer structure between BaTiO3 and CoFe2O4 seen as a green line in Figure V- 16. In the 
figure, all six layers are presented, and all interfaces between the layers can clearly be observed 
due to the scattering contrast between BaTiO3 and CoFe2O4.  
 
20 nm
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Figure V- 16: Bright field TEM image of the 6-layer structure prepared on SrRuO3 buffered SrTiO3 
sample. The arrows and corresponding numbers of interfaces from the bottom to the top of the 
sample: number 0 represents the interface between SrRuO3 and BaTiO3, number 5 represents the 
last interface between BaTiO3 and the top layer of CoFe2O4. The plain green line shows the area of 
EELS measurements (credit to Harriet Boswell [26]). 
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The EELS analyses were performed every 0.5 nm across a total length of 15 nm. The spot size of 
the beam used in this measurement was estimated to 0.5 nm, representing less than a unit cell of 
CoFe2O4 and slightly more than the BaTiO3 unit cell. The EELS results are presented in Figure V- 17 
b), where the x axis represents the scan position along the analysed line whereas the y axis shows 
the number of atoms per unit cells. This number was calculated  from the EELS peaks surface area, 
the electrons’ mean free path in these materials and the specimen thickness (more details can be 
found in Miss Harriet Boswell’s MSc thesis [26]). Only the titanium (red diamond) and iron (green 
circles) atoms are represented as the finger print of the electron energy loss as cobalt and barium 
signals are overlapping and despite the deconvolution techniques used, low concentrations of 
these compounds cannot be accurately evaluated. 
(a) (b)
2 nm
d = 0
d = 15 nm
Spectrum image
 
Figure V- 17: (a) Dark field image in STEM mode of the first BaTiO3 layer (top) and the adjacent 
CoFe2O4 layer (bottom). The green line corresponds to the EELS spectrum and the results obtained 
for titanium and iron are plotted in (b) (credit to Harriet Boswell [26]). 
 
As expected from the chemical composition of the layers, the first 4.5 nm of the measurements 
(BaTiO3 area) present a high concentration of titanium which decreases to zero in the last part of 
the spectrum (CoFe2O4 area). Similarly iron concentration is nil at the beginning of the spectrum 
and increases to a high plateau at the end of the EELS spectrum line. The middle area called 
“interface” in the diagram is of particular interest. A straight line across the interface can be 
drawn for the iron, from the nil concentration up to the plateau concentration at 
13.5 ± 2 atoms.nm-3. In contrast, the diagram of titanium can be divided into three different parts 
during the concentration drop. Just before the interface between 3 and 4.5 nm, the titanium 
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concentration decreases slowly. This would suggest that before the interface a region poor in 
titanium is observed. Similarly next to the interface in the CoFe2O4 region, titanium does not drop 
directly to zero but shows a slow decrease of concentration over 2 nm, from 7 to 9 nm, before 
reaching the nil value. This result suggests that titanium might diffuse in CoFe2O4 lattice over 2.5-3 
nm, this hypothesis explains the region poor and rich in titanium before and after the interface, 
respectively. However this result needs to be treated with care as it is based on calculation using 
estimated values such as the specimen thickness, the scattering properties of each layer all of 
which will contribute to error. Further investigation would be necessary to confirm the true 
diffusion process.  
It is also important to highlight that in the EELS diagram, the estimated interface between the two 
layers is large, about 3 nm (represented by the dashed lines in Figure V- 17). An ideal interface size 
would be expected to have the size close to a single unit cell. Different hypotheses can be 
postulated to explain this large estimated interface. The schematics in Figure V- 18 summarize the 
different possibilities. 
e- beam e- beam e- beam
interdiffusion
oblique 
interface
large beam 
scattering
(a) (b) (c)
 
Figure V- 18: Schematic drawings presenting the three hypotheses to explain the interface 
observed by the EELS measurements. (a) large interdiffusion, (b) oblique angle of the interface and 
(c) wide electrons scattering through the specimen. 
 
i) The 3 nm interface can simply be explained by an interdiffusion of titanium and iron 
between the two layers. According to the EELS diagram, an interdiffusion would indicate that 
there is an equal amount of each element in the centre of the interface region, at 2.5-3 nm. This 
would most probably create new phases at the interface. However EELS measurements were 
performed in the zone axis and no extra diffraction spots than those from the BaTiO3 and CoFe2O4 
lattices were observed. 
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ii) The second hypothesis presented in Figure V- 18 b) suggests that despite the zone axis 
alignment of the thin films, the interface might not be totally vertical along the specimen surface, 
parallel to the working zone axis. We have observed in Chapter IV that BaTiO3 presents islands on 
its surface of 20 to 40 nm in diameter. This indicates that CoFe2O4 is deposited on the top of a 3D 
surface. The TEM specimen used in this investigation was thinned down to 76 nm [26]. Therefore 
there is a possibility that the interface along the specimen thickness is not as straight as ideally 
expected. Due to the presence of islands from the film growth and considering an average islands 
height of 4 nm, the interface could have some sections that are tilted. This interpretation could 
possibly explain the reason of the rather large interface observed in the EELS measurements. This 
second hypothesis most probably occurs in the sample, but the degree of its magnitude is, 
however, difficult to estimate. 
iii) Finally the last hypothesis is based on the electron scattering path. EELS measurements 
result from the inelastic interactions of electrons with the matter, therefore the electrons can 
scatter and follow different paths before extraction out of the sample and reaching the detector. 
In that case, the signal measured does not exactly correspond to the probe size but also to the 
scattering width of the electrons. However, it would be unlikely that the detector picks up signal 
from scattered electrons more than 2 nm far from the centre of the electron’s beam.  
This EELS study has emphasized the difficulty in interpreting the role of interfaces when evaluating 
the functional properties. No precise conclusions can be drawn based on one single study and 
further measurements would need to be undertaken to verify the possible process of 
interdiffusion. The EELS study has also highlighted that quantitative analyses are technically 
difficult to conduct for such thin specimen and are difficult to maintain a high spatial resolution. 
However, this study was done on a BaTiO3 (bottom)/CoFe2O4 (top) type of interface. The other 
type of interface CoFe2O4 (bottom)/BaTiO3 (top) was also studied in the following part by HRTEM 
to observe their differences. 
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V-4.2. High resolution analysis of the interfaces 
 
A high resolution imaging of the layers and interfaces was performed on the 6-layer sample with 
thin barrier layers of SrTiO3 at the interface. The high resolution images are shown in Figure V- 19 
at a low magnification of the multilayer structure. Moreover high magnification analyses of the 
interfaces CoFe2O4/SrTiO3/BaTiO3 and BaTiO3/SrTiO3/CoFe2O4 can be seen in Figure V- 19 b) and c), 
respectively. The low resolution image reveals clearly the different layers of the structure. SrTiO3, 
evaluated at 4 unit cells (1.6 nm), cannot be observed at this magnification. The high resolution 
images, b) and c), differ only by the order of the BaTiO3 and CoFe2O4 layers from bottom to top to 
identify if there is a variation when SrTiO3 grows on a slightly rougher BaTiO3 or a smoother 
CoFe2O4. In both figures both type of interfaces can be observed. Both SrTiO3 and BaTiO3 are 
perovskites and with very similar nature of the elements, only a small brighter contrast for the 
SrTiO3 enables the visualization of a thin straight line representing the interface. Despite the 
difficulty to differentiate the different materials, the SrTiO3 thickness is estimated between 1 and 
2 nm from the HRTEM. The second type of interface CoFe2O4/SrTiO3/BaTiO3 shows more diffuse 
image and the bright interface line previously seen cannot be observed here. It is important to 
consider that these two interfaces are not equivalent and will behave differently. It is also 
interesting to note that the same results were observed for the other interfaces of the sample. 
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Figure V- 19: HR-TEM of the 6-layer sample with a thin SrTiO3 barrier layer between each BaTiO3 
and CoFe2O4 layer. The growth direction goes from the bottom to the top. Images (b) and (c) are 
higher magnification of the interfaces BaTiO3/SrTiO3/CoFe2O4 and CoFe2O4/SrTiO3/BaTiO3 ordering, 
respectively (credit to Dr Vaso Tileli). (c) represents a scheme of the observed interfaces in the 
multilayers structure. b) and c) are close-ups from the two different square sections in a). 
 
Despite the observation of islands at the surfaces of both BaTiO3 and CoFe2O4 layers, we have 
observed in Chapter IV that the islands for CoFe2O4 are larger and higher than for BaTiO3 films. The 
quality of the surface will determine the quality of the following interface. In Figure V- 19 c), 
where CoFe2O4 has a function of growth template, the interface between the layers appears 
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indistinguishable. This reveals a rough CoFe2O4 surface. On the other hand when CoFe2O4 grows 
on top of the BaTiO3 surface, a flat and smooth interface was observed, indicating good surface 
rearrangement and diffusion when deposited on the previously grown layer. An illustration 
describing the growth of these layers is presented in Figure V- 19 d). The high degree of diffusion 
of the perovskite leads to flat surface whereas rougher surfaces are observed on top of each 
CoFe2O4 layers, revealing a less thermodynamically favourable process. This result has therefore 
an influence on the 4 unit cells SrTiO3 layer deposited because the small amount of matter cannot 
fully compensate the rough 3D surface of CoFe2O4. 
 
In conclusion, the electron microscopy study has shed light, both quantitatively and qualitatively, 
on the interfaces. EELS measurements reveal its limit in these structures due to a sample 
roughness higher than the resolution of the scanning probe. However there is a possibility that 
titanium diffuses over 3 nm at the interface whereas iron presents less diffusion. The HRTEM 
study clearly shows that two different interfaces need to be considered in these multilayers: one 
interface will have BaTiO3 as template and the other one will have CoFe2O4. Whereas the BaTiO3 
template shows a clear sharp interface, the CoFe2O4 template is rough and the resulting interface 
cannot be distinguished. Therefore further EELS measurements on the interfaces presenting 
CoFe2O4 as prior growth template are suggested. An ill-defined interface will clearly have a 
negative effect on the magnetoelectric coupling and associated with diffusion it will change the 
magnetic properties. 
 
 
 
Conclusion of Chapter V 
 
The electric and magnetic properties of crystalline and epitaxial multilayers of CoFe2O4 / BaTiO3 
thin films were investigated. The electric measurements did not bring the expected outcome as no 
true ferroelectric hysteresis was observed. This was attributed to the rather high leakage current 
in particular in the 6-layer structure which may originate from percolation through pinholes. The 
ferroelectricity for the 2- and 4- layers sample is less clear, as a loop shape was observed but still 
not fulfilling the ferroelectric hysteresis requirements. Two conclusive hypotheses can be drawn 
from these observations: BaTiO3 films are not ferroelectric enough or the saturation of 
polarization was not reached when evaluating the P-E loops. Dielectric measurements such as 
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capacitance and loss were evaluated with and without magnetic field, but no magneto-dielectric 
coupling was detected. On the other hand, the magnetic studies show clear evidence of anisotropy 
with an easy axis in-plane and a hard axis out-of-plane. Magnetic domain sizes were ranging 
between 100 and 200 nm depending on the terminating top layer’s thickness which is about 10 
times larger than the AFM topographic features and shows a long range stability of the magnetic 
cohesion. However we have measured a sharp decrease of the magnetic properties when 
increasing the number of stacking layers from 2 to 20. The number of interfaces associated with 
magnetically inactive interface layers appears to be the critical parameter reducing the 
nanostructure properties. We partially recovered the saturated magnetisation by 25% by inserting 
a four unit cells layer of SrTiO3 after each individual CoFe2O4 and BaTiO3 layer. This ultrathin film 
acts as a barrier layer preventing chemical reaction and diffusion between BaTiO3 and CoFe2O4 
materials and decreasing the passive layer at the interface. The electron microscopy study 
revealed that there is a possibility of diffusion of titanium and iron of at least 3 nm, enlarging the 
interface area and reducing the functional properties. It has also been observed that the interfaces 
are not equal, despite being made of the same materials, and a further study on each interface 
would be necessary.  
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The aim of this work was to investigate the structural, electric and magnetic properties of 
magnetostrictive CoFe2O4 and piezoelectric BaTiO3 in multilayered structures. We investigated the 
interfacial chemistry of the structure as the quality of the interface is essential for the 
magnetoelectric coupling and a sharp and ordered interface has an important impact on the 
functional properties. Prior to the evaluation of the multilayered structures, each active individual 
layer was analysed as a single layer structure. This conclusion is separated in sections describing 
magnetic properties of the CoFe2O4, the piezoelectricity and ferroelectricity of BaTiO3 and 
conductivity of the SrRuO3 and Nb doped SrTiO3 thin films.  
 
1. Conclusion on conductive layers 
Two potential conductive oxides were studied in thin films. First, SrTiO3 was extrinsically doped by 
niobium and second, the intrinsic conductor SrRuO3 was examined. 
The investigation of bulk Nb doped SrTiO3 by the solid state synthesis revealed that cation vacancies 
are more favourable on the B site of the ABO3 perovskite when the calcination is performed in air. 
Thin films from a sintered target were then prepared by Pulsed Laser Deposition (PLD). For a 
representative film of 60 nm in thickness, a conductivity below 1 S/cm at room temperature was 
obtained but increases exponentially after 400°C when heating. Therefore it was concluded that 
niobium doped SrTiO3 thin films are more suitable for high temperatures applications rather than for 
room temperature electrodes, as required in this work. However, the conductivity measured over 
temperature compared with thorough crystallographic evaluation concluded that the conductivity 
originates from the choice of substrate introducing different strain and defects rather than from the 
doping. Films grown on SrTiO3 with a greater volume ratio of strain in the film than defect relaxed 
films on LaAlO3 exhibited a higher conductivity, whereas the influence of the doping level remains 
within the experimental scatter of the measurement.  
SrRuO3 was the other conductive material studied as bottom electrode candidate. Thin films of 
SrRuO3 provided higher conductive properties, in particular at room temperature, and adequate 
crystallographic properties, certainly promising enough to be employed as template buffered layer. 
Its intrinsic conductive properties and transition into a metallic like state, were analysed when 
cooled down to 100 K. We also observed that the thickness has a stronger influence on the 
conductive properties than the film deposition temperature in the range studied. On MgO 
substrates, films as thin as 11 nm were resistive whereas films with thickness greater than 20 nm 
displayed good conductive properties suitable for bottom electrode use. Further crystallographic 
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studies on SrTiO3 substrate revealed an extension of the lattice unit in the out-of-plane direction due 
to a compressive in-plane strain, showing clearly that SrRuO3 loses its cubic symmetry when grown 
as a thin film. To limit the role of the interfacial conductivity in an integrated structure, a defined 
thickness of 60 nm was prepared for the electrodes. For this thickness, the films revealed a low 
average surface roughness below 1.3 nm, suitable for being inserted in a multilayers architecture 
and good room temperature conductivity around 5.10
+5
 S/m. 
 
2. Conclusions of CoFe2O4 individual thin films 
The growth and resulting magnetic properties of CoFe2O4 films were investigated on different but 
commonly used PLD growth templates. It was concluded that it was possible to grow epitaxial 
CoFe2O4 films on the SrTiO3, BaTiO3 and MgO substrates despite large lattice mismatches. However 
for films on LaAlO3 substrates a small addition of (511) orientation was also observed. The most 
promising magnetic properties were obtained for films prepared on SrTiO3 substrates, whereas the 
magnetic analysis revealed a significant drop of magnetisation for films prepared on BaTiO3 and MgO 
substrate. This variation of magnetisation on the different substrates was taken into further 
consideration for the final ME-composite as BaTiO3 was the chosen piezoelectric counterpart. 
Despite this reduction of magnetic properties when CoFe2O4 was deposited on BaTiO3, a promising 
indication of an existing ME coupling via an elastic interfacial strain was observed when the 
magnetic moments of CoFe2O4 changed according to BaTiO3 crystal phase transitions when 
measured between 100 K and room temperature. SrTiO3 was taken as model substrate for the 
majority of this study, due to cost, availability and to its close proximity to the piezoelectric 
counterpart BaTiO3. Additional film growth studies and interfacial studies were undertaken on SrTiO3 
substrates. 
From the crystallographic analysis, we determined that all substrates produce fairly non-strained 
films. However different strain and relaxational mechanisms occur while growing a film by PLD 
providing a low total lattice strain. To investigate more the relaxational modes, HRTEM investigation 
determined a 6 nm critical thickness separating the 2D from the 3D growth modes when CoFe2O4 
was grown on SrTiO3. Above this thickness, an important concentration of dislocations was found. It 
was concluded that this critical thickness and the resulting distribution of defects will be different 
depending on the nature of the growth template. These film lattice energies releasing growth modes 
combining strain, defects and islands growth are directly linked to the evaluated magnetic spin 
exchange of CoFe2O4. 
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3. Conclusions on BaTiO3 individual thin films 
The film deposition conditions for BaTiO3 and the influence on functionalities were analysed. The 
deposition pressure has an influence both on the surface roughness and the crystallographic 
properties as different crystal directions were observed depending on the oxygen pressure in the 
vacuum chamber. Deposition under high oxygen pressure (150 mTorr) led to a rough surface, not 
favourable for multilayer preparation, whereas roughness below Rms of 1.5 nm was obtained at 
lower pressure (30 and 80 mTorr). The deposition pressure also influences the growth direction of 
the tetragonal BaTiO3. Preferential long and short orientation axes were determined for high and 
low deposition pressure, respectively. These orientation variations were also observed when a 60 
nm buffered SrRuO3 layer was added as a bottom electrode. A second phenomenon occurs for films 
over 300 nm thickness as both the short and long axes are simultaneously observed. This reveals 
that thicker samples cannot keep on growing strictly epitaxially and a 180° and 90° ferroelectric 
multidomain structure is formed. The ferroelectric properties evaluated showed hysteresis of the P-
E loops for films with a thickness higher than 300 nm. This result is not unexpected as very thin films 
of BaTiO3 are more prone to sense the clamping of the substrate restricting domain rotation. Also, 
films thinner than 200 nm were found to be too conductive to be accurately measured by electric 
contact methods necessary for polarization loops. However a reduced but existing piezoelectric 
effect was observed when the piezoelectric coefficient d33 was measured by surface probing. The 
conclusion is that film deposition conditions must be adjusted to obtain correct and requested 
polarisation direction as multi ferroelectric domains can easily form. However the proven existence 
of a d33 and an elastic interaction when the CoFe2O4 was evaluated over BaTiO3 phase transition are 
most encouraging for future development of an enhanced ME coupling between BaTiO3 and 
CoFe2O4. 
 
4. Conclusions on multilayers of CoFe2O4 and BaTiO3 
Multilayered structures consisting of repetitive BaTiO3 and CoFe2O4 bilayers were successfully 
grown by PLD. Epitaxial and highly crystalline structures up to 20 layers were successfully 
achieved. Similarly as in the individual films’ study, a coexistence of both the short and long axis of 
BaTiO3 in the out-of-plane direction was observed proving the same type of multiferroelectrical 
domains structure. 
The investigation of the electric properties did not bring the expected outcome as no true 
ferroelectric hysteresis loop was observed. This poor ferroelectricity in the mulilayers was 
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attributed to the rather high leakage current found in particular when increasing the amount of 
layers above a 6 layer structure, which may originate from percolation through pinholes or defects 
at the interfaces as the leakage is directly proportional to both amount of interfaces and the layers 
thickness in the structure. The ferroelectricity for the 2- and 4- layer sample showed a P-E loop 
shape but still did not not fulfil the ferroelectric hysteresis requirements. Two conclusive 
hypotheses can be drawn from these observations, BaTiO3 films are not ferroelectric enough or 
not poled enough as the saturation of polarization was not reached when evaluating the P-E loops. 
Dielectric measurements such as capacitance and dielectric loss were evaluated with and without 
magnetic field, but no magneto-dielectric coupling was detected when evaluated over 
temperatures between 300 and 100 K.  
The magnetic studies showed evidence of magnetic anisoptropy with an easy axis in-plane and a 
hard axis out-of-plane for the multilayers. Magnetic domain sizes ranged between 100 and 200 nm 
depending on the terminating top layer’s thickness which is about 10 times larger than the AFM 
topographic features developed from the island growth and shows a long range stability of the 
magnetic cohesion. However, by increasing the number of layers, a large drop of magnetization 
was observed in all cases. A recovery of the magnetic properties was observed when an ultrathin 
SrTiO3 barrier layer in between each and every deposited layer was inserted. This was discovered 
while investigating the chemical compatibility between CoFe2O4 - BaTiO3 and CoFe2O4 - SrTiO3 
where it was found that SrTiO3 is more compatible with CoFe2O4 and does not form any secondary 
phases. 
Further electron microscopy was conducted to obtain quantitative and qualitative information on 
the interfaces. EELS measurements were challenging in these structures due to a sample 
roughness higher than the resolution of the scanning probe. However there is a possibil ity that 
titanium and iron diffuse over 3 nm at the interface. The HRTEM study clearly shows that two 
different interfaces need to be considered in theses multilayers: one when BaTiO3 is the growth 
template for the following CoFe2O4 layer and one when CoFe2O4 is the growth template for the 
succeeding BaTiO3. When BaTiO3 was the growth template in the layered structure, a clear sharp 
interface can be seen, but when CoFe2O4 was the growth template the interface is rougher where 
image capturing becomes impossible at the interface. This interesting result shows that when 
grown as multilayer, the chemistry, surface diffusion and interfacial defects do vary depending on 
the growth template. All functionality testing showed that film layer thickness and increased 
number of interfaces in a multilayered structure degrade the properties. An important discovery 
was the enhancement in function on adding an inert ultra thin layer. This improved the properties.  
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Finally, a good ME-coupling can only be obtained for materials showing suitable chemical 
compatibility.  
 
5. Future work 
A full investigation of the interfacial chemistry between CoFe2O4 thin film and SrTiO3 substrate was 
performed which resulted in the determination of the critical thickness and subsequent Stranski-
Krastanov growth mode. One suggested future work would be to carry on the same investigation 
and compare the critical thickness, strain and growth mechanisms for other substrate templates. 
This rigorous study would give a full description of the different growth mechanism at the 
interface related with strain relaxation of CoFe2O4 thin films. As shown in this thesis, these strains 
and defects have a high impact of the evaluated magnetic property. 
In the multilayered samples, this thesis study was only on the most commonly used (001) direction 
substrates, as the focused of the research was on the chemistry of the interfacial interaction of 
magnetoelectric layers. However it would be interesting to further investigate the influence of 
different growth template directions such as the (111) or (110) oriented substrates. This 
investigation would shed light on the role played by the crystallographic anisotropy properties of 
CoFe2O4 and its consequences on BaTiO3 films and vice versa. In this thesis it was clear that the 
dependence of the magnetic field orientation, and what would be the magnetostrictive response 
of CoFe2O4 would be different and different responses via the elastic interfacial strain would then 
also be expected. 
In this project, we focused on the study of two highly promising materials: CoFe2O4 and BaTiO3 as 
they present amongst the highest magnetostrictive and piezoelectric coefficient for lead free 
oxide materials. However, it was found that there is some evidence of chemical incompatibility 
between these materials. Other magnetostrictive materials were presented in the introduction 
chapter such as highly magnetostrictive alloy Terfenol-D material. Therefore from the knowledge 
from BaTiO3 as an active substrate in this thesis, a composite material mixing metallic Terfenol-D 
and BaTiO3 substrate could show potential of advancing engineered magnetoelectric structures 
where better compatibly or with formed interfaces that may work in advantage of a better ME-
coupling.  
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A1. Dual Beam Focused Ion Beam (FIB) – TEM sample preparation 
 
 
 
Focused Ion Beam (FIB) is a technique generally used to design a structure at the nanoscale level. It 
consists in etching away a sample using a focused ion beam in a vacuum chamber and allows a large 
geometry flexibility. It is commonly used for transmission electron microscopy (TEM) specimen 
preparation. The dual beam focused ion beam spectroscopy is an advanced FIB technique. It 
combined an electron source with a gallium ions source enabling imaging and etching 
simultaneously. This allows a better flexibility of the measurement as the electron beam used for 
imaging does not alter the quality of the material and specimen. 
Before inserting the material in the FIB, a layer of 15 to 20 nm of gold is deposited to avoid surface 
charging. Then three main steps are followed to prepare the TEM specimen, these are illustrated in 
Figure A1- 1 by secondary electron images (SEI). 
· Preparation of the surface: In the region of interest, two consecutive layers of 
platinum are sputtered on the gold coated surface to protect the surface and define the milling 
perimeter. 
· Preparation of the specimen: Two tranches are then dug around the platinum 
island. A gallium ion beam is used for milling using different energies and angles of the beam. It 
results in a section standing up in the middle of the trench. The sides and bottom of the section are 
then milled away to enable the extraction of the specimen. 
· Extraction and sample thinning: The specimen is then extracted and welded on an 
Omniprobe microprobe and thinned down to electron transparency using ion milling. A final cleaning 
is usually performed to remove re-deposited amorphous regions. 
 
 
 
 
202 
 
1. Preparation of the surface 2. Tranches dug and 
preparation to remove 
the specimen
3. Sample thinning
 
 
Figure A1- 1: Secondary electron images describing the three main steps followed for the specimen 
preparation by dual-FIB. 
 
The dual beam FIB offers the capability to prepare a good quality TEM specimen in a relative short 
time compare to the usual mechanical polishing technique. The combination of imaging and milling 
is a great advantage to fully control the thinning step, crucial for HR-TEM and EELS analysis. 
 
 
 
A2. Profilometer 
 
 
The profilometer measurement was the second technique used to evaluate the thickness of the 
deposited layer. It was used only to verify the thickness when an exact value was necessary to 
determine functional properties and when TEM microscopy was not performed. The measurement 
was realised with a Detak Veeko profilometer mounted with a stylus of 2.5 mm of diameter as 
presented in Figure A2- 1. It consists of applying a force of 15 mg with the tip on the surface of the 
sample and to scan a line of 200 mm across the edge of the layer step. A flat curve with a step is 
obtained and the determination of the step height indicates the thickness of the layer. Unlike the 
White light interferometer technique widely used in this project, this technique has the advantage of 
being independent on the refractive property of the sample but it can scan only one line at a time. 
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Figure A2- 1: Schematic image of a profilometer system. 
 
 
A3. Electrodes preparation (photolithography) 
 
 
Some of the electrical measurements of this work such as ferroelectric measurements were 
performed in using metallic electrodes which require well defined shape and dimensions. The 
electrodes were prepared using the photolithography technique, it consists of transferring patterns 
from a designed mask onto the surface of a sample. In this work the etch-back technique was used, 
it consists in a six steps process as presented in Figure A3- 1. 
 
 
Figure A3- 1: Photolithography steps for patterning electrodes with the etch-back process. 
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The surface of the sample is covered with an homogeneous metallic layer. The deposition is 
performed at room temperature by sputtering. Sputtering systems allow good quality deposition of 
metals. The deposition under a high vacuum prevents oxidation of the metal and limits the 
contamination of the material deposited. Gold metal is used as electrode in this work, but gold has 
usually a poor adhesion on oxide surface, therefore a deposition of few nanometers of chromium 
precedes the deposition of 60 to 100 nm of gold. The metal layer is then covering all the surface of 
the sample. 
A layer of photoresist is then deposited on the gold by spin coating. Microposit S1800 is the 
photoresist used in this project. Being sensitive to the light the deposition and the following steps 
were performed under filtered light in a yellow room. 
A pattern is transferred from a mask to the photoresist in using UV light from a mercury light source. 
The pattern consists of squares of 0.5 mm x 0.5 mm with a 5 mm gap in a capacitor structure type.  
The etch-back process being a positive process, the photoresist exposed to the light becomes soluble 
in the Microposit MF 312 developer. The sample is therefore washed in the developer and the 
softened part of the photoresist is removed from the surface of the gold. After this step, the sample 
is covered by gold apart from the electrodes patterned part covered by the photoresist.  
The pattern is then engraved on the sample in using the ion milling technique. Ar ions are 
bombarded on the surface of the sample and it etched away the gold present on the surface. At the 
end of this process the surface on the sample is not covered by the metallic layer except underneath 
the squares covered by the photoresist. 
Finally the photoresist is dissolved in acetone and the gold electrodes are left on the surface of the 
sample. 
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